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Abstract

The retention of most compounds in RPLC proceeds through a combination of several independent mechanisms. We review a series of recent
studies made on the behavior of several commercial C18-bonded stationary phases and of the complex, mixed retention mechanisms that were
observed in RPLC. These studies are essentially based on the acquisition of adsorption isotherm data, on the modeling, and on the interpretation of
these data. Because linear chromatography deals only with the initial slope of the global, overall, or apparent isotherm, it is unable fully to describe
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the complete adsorption mechanism. It cannot even afford clues as to the existence of several overlaid retention mechanisms. More sp
cannot account for the consequences of the surface heterogeneity of the packing material. The acquisition of equilibrium data in a wide conn
range is required for this purpose. Frontal analysis (FA) of selected probes gives data that can be modeled into equilibrium isotherms of th
and that can also be used to calculate their adsorption or affinity energy distribution (AED). The combination of these data, the deta
of the best constants of the isotherm model, the determination of the influence of experimental parameters (e.g., buffer pH and pI, temperature)
on the isotherm constants provide important clues regarding the heterogeneity of the adsorbent surface and the main properties of the
mechanisms. The comparison of similar data obtained for the adsorption of neutral and ionizable compounds, treated with the same
and the investigation of the influence on the thermodynamics of phase equilibrium of the experimental conditions (temperature, average
mobile phase composition, nature of the organic modifier, and, for ionizable compounds, of the ionic strength, the nature, the concentra
buffer, and its pH) brings further information. This review provides original conclusions regarding retention mechanisms in RPLC.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The surface of all modified adsorbents is heterogeneous. This
henomenon arises from the tendency of the elemental impuri-

ies of the material making the bulk of the adsorbent (e.g., alu-
ina, boron or iron in silica) to segregate at the surface. Foreign
lements are more concentrated on the surface of adsorbents than

n their bulk and only high purity adsorbents have relatively ho-
ogeneous surfaces. Furthermore, the presence of the surface

tself generates stresses and strains of the bonds involving poly-
alent atoms located at the solid interface or in its immediate
icinity. The presence of various element impurities on the sur-
ace and these bond strains cause a heterogeneous distribution
f the adsorption energy (AED) of different probes. The prop-
rties of this distribution depend on the nature of the probe used
nd the adsorbent considered. On the adsorbent the surface of
hich is closest to an ideally homogeneous one, graphitized car-
on black, there are occasional steps between successive 0 0 1
lanes. In contrast, the surfaces of the porous silica particles used
s the base material for the preparation by chemical bonding of
uitable ligands of the packing materials used in reversed-phase
RPLC) or hydrophobic interaction (HIC) chromatography, are
ighly heterogeneous. The profile of the AED of a probe, par-

the interactions of these probes with the surface depend lar
on the nature of the probe. The nature of the AED explains
complexity of the equilibrium isotherm of a probe between
solid adsorbent and a solution. This phenomenon is gene
known in chromatography as mixed retention mechanisms
consequences are particularly insidious in RPLC.

RPLC has become the most popular mode of implementa
of elution HPLC. It owes this preeminent position to the ava
ability of highly pure microparticles of silica that can be bond
to a variety of non polar or moderately polar groups,1 giving
packing materials of great chemical stability. The availabil
of these materials a score ago was a considerable progress
those of the early ages of liquid–liquid chromatography[1–4].
Twenty-five years ago, already 80–90% of HPLC analyses w
carried out with columns packed with these chemically bond
silica materials[5]. It seems that this proportion has remain
the same.

The products of the most important chemical, biomedic
food, and pharmaceutical industries are produced, sold and
livered on the basis of RPLC analytical results. This wide ran
of applications of RPLC, in turn, has contributed to the dev
opment of an important group of companies making mod
RPLC columns. Manufacturers keep preparing and develop
icularly the number, the width, and the position of its modes,
ay characterize the degree of heterogeneity of the surface. The

ce
1 If the group is polar, the separation is not made in RPLC and this topic is

o
utside of the scope of this review.
AEDs of different probes on a given surface are different sin
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new stationary phases with higher mechanical strength, better re-
producibility, faster mass transfer kinetics and higher efficiency,
broader pH range stability, higher selectivity (whatever way it
is defined), etc. The last decade has seen the rapid emergence
of new solid supports, e.g., polymer particles, hybrid particles,
silica particles covered by a complex grafted organic layer. Al-
though these products seem in general to perform better and bet-
ter, our understanding of the retention mechanism(s) involved
in a separation has not much improved.

The retention of analytes in RPLC is fundamentally deter-
mined by their distribution between a liquid polar mobile phase
and an apolar stationary phase consisting of an organic layer,
most often made of alkyl chains but sometimes of a hydrocarbon
polymer, that is bonded to the silica surface. This equilibrium
is not strictly a liquid–solid equilibrium because the solid ad-
sorbent is covered by a chemically modified hydrophobic layer
which has a finite thickness, up to 30Å for C30-bonded phases.
Because of the relative mobility of these chains, this layer can-
not be considered as the sharp interface existing at conventional
solid–liquid interface. However, it cannot be considered as a
liquid either because the alkyl chains are attached to the sur-
face at one of their extremities. In contact with the liquid mo-
bile phase, the layer of bonded alkyl chains adsorbs selectively
the components of the mobile phase, swells to a degree, and
forms a thick solid–liquid interface which has a complex struc-
ture. The physical properties of this interface have not yet been
c vate
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of a broad spectrum of possible retention modes in RPLC. This
frame of understanding of the retention mechanisms in RPLC is
justified by the heterogeneous nature of the adsorption layer and
by the complex organization of the interphase layer. It has been
demonstrated that alkyl bonded phases are made of ordered and
disordered regions, regions that were observed in FTIR[19,20]
and in NMR[21–23]. Accordingly, the overall retention of an
analyte in RPLC is more the result of a complicated convolution
of many different interactions happening simultaneously.

The lack of a clear understanding of the retention mechanism
in RPLC is largely due to the fact that practically all investiga-
tions of retention mechanisms made so far rely on the acquisi-
tion of chromatographic data measured under linear conditions.
Most models used in linear chromatography assume that the fun-
damental equilibrium constantK that describes the distribution
of an analyte at infinite dilution between the stationary and the
mobile phase is simply the product of elementary equilibrium
constantsKi, each one describing a particular type of molecu-
lar interactions[24–27]. These interactions, hydrophobic, steric,
donor and acceptor hydrogen-bonding, and ion exchange inter-
actions, are supposed to act independently, so:

ln K = ln
∏
j

Kj =
∑

j

−�G
◦
j

RT
=
∑

j

dj(as,j − am,j) (1)

Each free energy term�G
◦
j is assumed to be the product of the

s
t (s)
a

been
e and
m ch a
m at a
s s of
i
a e
f ence
t the
p nt
m ACN
[ ll
c call
t e as-
s riting
t

K

w
v tes
a the
d
t

learly established despite numerous investigations moti
y our suspicion that the understanding of the structure o
ydrophobic layer is the key toward a general understandi
etention mechanisms in RPLC.

An early RPLC retention model was based on the ass
ion that the formation of a suitable cavity in the mobile ph
o accommodate the analyte molecule was the key step in t
ention mechanism (solvophobic theory[6]). Accordingly, this
odel assumed that the retention of a compound depend

entially on its size and on the surface tension of the m
hase. The limit of this model became obvious when ex

mental data showed that retention was also governed b
ensity and the length of the alkyl chains bonded to the s
urface[7–9]. The differences observed were unambiguo
nterpreted as originating from variations of the phase ratio[10–
4]. Long ago, it was suggested that the structure of the bo

ayer is such that it could explain the simultaneous presen
dsorption and partition sites[15,16]. Thus, new models whic

nclude the characteristics of both the mobile and the statio
hases were elaborated. The partitioning model[17,18]in which

he analyte is transfered from the mobile phase to the statio
hase accounted far better for the experimental data tha

ier models. The retention factors of analytes were succes
orrelated with their partition coefficients between water
-octane, shown to be proportional to the molecular size o
olute, and to be directly affected by their solubility in the mo
hase. However, the driving force for solute adsorption tha
easured appeared smaller than predicted by the partiti
odel. So, an adsorption model was proposed instead[17,18].
hese two models of the actual retention mechanism, the ad

ion and the partition models, are certainly the two extrem
d

f

-

-

s-

e

d
f

y

y
r-

g

-

olute descriptordj characterizing the type of interactionsj and
he term (as,j − am,j) that characterizes the pair of stationary
nd mobile (m) phase selected.

Such empirical Linear Free Energy Relationships have
xtensively used to characterize RP column selectivities
any sets of retention data were successfully fitted to su
odel. Although this model takes into account the fact th

olute may simultaneously interact through different type
ntermolecular interactions with the stationary phase (dj × as,j)
nd the liquid phase (dj × am,j), it fundamentally neglects th

acts that(1) the stationary phase might be heterogeneous, h
hat the termsas,j are not necessarily unique but depend on
osition on the surface and(2) there might be several differe
icro-environments in the liquid phase (as is the case with

113]), each having a differentam,j term. As we explain later, a
onventional RPLC adsorbents are heterogeneous. If wei
he type of adsorption sites on the stationary phase and if w
ume an homogeneous liquid phase, a consistent way of w
he equilibrium constantK would be:

= CS

CM
=
∑i=N

i=1 NS,i/VS

CM
=

i=N∑
i=1

fiKi(T )

=
∑

i

fi


∏

j

Ki,j


 (2)

hereNS,i is the amount of compound in the subphasei, fi the
olume fraction of the stationary phase occupied by the sii,
ndKi(T ) is the thermodynamic equilibrium constant for
istribution of the compound between the adsorption sitesi and

he liquid phase.
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Accordingly, the extension of the empirical LFER equations
to heterogeneous surface would be:

ln K = ln


∑

i

fi exp


∑

j

dj(as,i,j − am,j)




 (3)

Even though this more complex retention model takes into ac-
count the surface heterogeneity of the solid adsorbent, it cannot
give much information on the physical nature of the chromato-
graphic system involved, e.g. on the quantity of sites of typei,
qs,i, and on the adsorption–desorption constant on these sitesbi

(with Ki = qs,ibi) nor on the adsorption energies on the sites
of type i. The LFER results given by Eq.(1) are empirically
fitted parameters that inform on the contribution of each type
of interactionsj to the overall solute retention. A deconvolution
process would be required to separate the contributions of the
density of the different types of adsorption sitesqs,i and of the
adsorption–desorption constantbi. This can be achieved only
if the experimental conditions allow to perform measurements
at concentrations approaching the saturation of the different ad-
sorption sites. High concentration samples should be injected
successively to saturate these different types of sites. The values
of the amount of analyte adsorbed per unit volume of the station-
ary phaseq∗ for each concentration injectedC will be related
to the saturation capacitiesqs,i and the thermodynamic equilib-
rium constantsKi(dj, as,i,j, am,j). Assuming the formation of an
a dso
b mu
a

q

S s th
L om-
p
t n
e tal
c olu-
b tions
a pec
b blem
r rptio
m

sum
o ting
f the
b ul-
t , ion
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stants requires that data be acquired in a concentration range
wide enough for the molecular population of each type of sites
to vary significantly in some part of the concentration range in-
vestigated. Inevitably, measurements at very low and at very high
concentrations are necessary to collect sufficient information on
the high and the low energy types of sites, respectively. This
approach has already been used successfully to derive impor-
tant information regarding the retention mechanisms occurring
in enantioseparations[28–33], to improve our understanding of
some particular separations[34,35] and to investigate the ther-
modynamic behavior of separations on imprinted polymers[36].

In this review, we discuss recent work undertaken to achieve
a deeper understanding of the retention mechanism(s) involved
in RPLC on modern C18-bonded stationary phases. Our goals
are (1) to summarize useful information on the reproducibility
of adsorption data that are measured on different packing ma-
terials; (2) to report on the degree of heterogeneity of RPLC
packing materials; (3) to present new information on mixed re-
tention mechanisms in HPLC; and (4) to illustrate the effects of
changing the experimental conditions on the adsorption behav-
ior of neutral and of ionizable compounds. This work presents a
battery of new tools that are most effective to compare the per-
formance of different materials and to follow progresses made
in the development of new processes for the preparation of bet-
ter packing materials. If affords new solutions for the prediction
and the interpretation of retention data. It summarizes an impor-
t tical
m
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dsorbed monolayer without lateral interactions between a
ate molecules on each type of sites, a general multi-Lang
dsorption isotherm can be written as:

∗(C) =
∑

i

qs,i
Ki(dj, as,i,j, am,j)C

qs,i + Ki(dj, as,i,j, am,j)C
(4)

uch a model could be further applied in the same way a
FER is applied to linear data, in order to characterize c
letely the chromatographic system (quantity of sitesi, con-

ribution of each type of interactionsj and overall adsorptio
nergy on each sitei). There are significant new experimen
onstraints linked to this approach, arising from a limited s
ility of the analyte, possible adsorbate–adsorbate interac
nd solute–solute association (different forms of the same s
eing then present in the system). The resolution of the pro
emains the same in principle, but more sophisticated adso
odels could be considered instead.
As aforementionned, the retention factors derived are the

f the different contributions (or Henry constants) origina
rom the different sites available on the surface of or in
onded layer. A mixed retention mechanism, involving sim

aneous interactions (hydrophobic, polar, hydrogen-bond
xchange,. . .) for either adsorption or partitioning sites, c
ot be satisfactorily resolved by linear chromatography, w
nly measures their sum over all the different types of s
he high-energy sites are first to be populated at low con

rations, until they are nearly saturated. So, the populatio
olecules on low-energy sites becomes important only at

olute concentrations. The accurate measurement of the
ation capacities of the different types of sites that coexist
olumn and of their corresponding adsorption–desorption
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ant amount of experimental results on which new theore
odels of retention in RPLC could be based.

. Methods used to study adsorption mechanisms

The conclusions that we draw later in this review are th
ults of an investigation strategy characterized by two impo
eatures. The first one consists in concentrating all the nece
fforts needed to measure most accurately single-comp
dsorption data using a chromatographic method. Admitt

he data needed could have been acquired by a classica
ethod. However, these methods are laborious, they requir
ificantly more chemicals than chromatographic methods
ept for the mobile phase) and, most importantly, they ten
e poorly accurate and moderately precise. In contrast, the
atographic dynamic methods have been proven to be h
ccurate. Chromatography allows the choice between va
pproaches and techniques to measure adsorption isoth
he one mostly used are frontal analysis (FA), frontal ana
y characteristic point (FACP), elution by characteristic po
ECP), the pulse methods, and the computation of elution
les (CEP) method or inverse method. The advantages and
acks of all these methods are discussed in detail elsewher[37].
he choice of the method used is specific to the problem st
nd depends on the type of equipment available, the po
equirement for detector calibration, and the cost and avai
ty of the chemicals studied. When highly accurate adsorp
sotherms are needed, FA is by far the most convenient m
ecause it does not require detector calibration (unless

ransfer kinetics is slow) and it does not depend on the co
fficiency. This method is described in the next subsection
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The second feature of our approach deals with the handling
of the FA adsorption data in order to determine an adsorption
isotherm model which is consistent with the whole set of data
collected and makes physical sense regarding the chromato-
graphic system studied. Specific representations of the adsorp-
tion data (e.g., Scatchard plot), statistical analysis of the data
(using e.g., multi-linear regression analysis, the Fisher parame-
ter), calculation of the adsorption energy distribution (using the
Expectation-Maximization method) and the comparison of cal-
culated and experimental overloaded band profiles permit the
selection of a model, the derivation of the best estimates of its
parameters, and the validation of the isotherm obtained. The dif-
ferent tools required to perform these operations successfully are
presented in the next few subsections. Finally, there is strength
in numbers. The accumulation of many adsorption isotherms,
involving numerous compounds (with e.g., different molecu-
lar sizes, polarities and polarizabilities, iogenic abilities) and a
wide range of experimental conditions (e.g., temperature, pres-
sure, mobile phase composition, nature of the organic modifier)
will permit a greater sophistication in our analysis of retention
mechanisms in RPLC. They will also supply makers of advanced
packing materials with a long needed set of tools useful to un-
derstand the consequences of changes made in manufacturing
processes.

2.1. The frontal analysis method

illips
[ f
a where
[ bile
p und
s e and
i pro-
fi tion
c uired
t new
s ther-
m the
s en a
p ration
i

ion of
t n the
s and
t nse
i
T esent
i een
t the
e of
c hase
i me,
V that
l , the
a orbe
o ium.

Fig. 1. Frontal analysis method of determination of the equilibrium concentra-
tions in the stationary phase. The breakthrough curve is represented by the thick
solid line. The two-hatched surfaces on the left side (A1 andA2) represent the
mass of compound in the extra and dead column volumes. The areaA3 represent
the mass of the compound adsorbed on the surface of the adsorbent. Note that a
large error may be made if the areaA3 is determined from the area of a rectangle
defined by the inflection point of the breakthrough curves. The equivalent area
method is always the best method to measureA3.

Accordingly, the concentration,q∗
Vol , of the component adsorbed

(mass adsorbed per unit volume of adsorbent) is:

q∗
Vol = A3

VC − V0
(5)

whereVC is the volume of the column tube.
It is noteworthy that the definition of the concentration in the

solid phase used in FA is empirical and has no actual physical
meaning. Solid adsorbents are porous but are impermeable (with
the possible exception of certain resins not considered here). So,
solid phase concentrations expressed as the amount of solute
adsorbed per unit volume of packing material are not true con-
centrations in the sense used in thermodynamics, the compound
not being distributed homogeneously in a solid phase of a given
volume. This unit is merely convenient as its use eliminates the
need to measure the specific surface area of the adsorbent. A cor-
rect description of interface-related processes, however, should
be done by expressing the solid phase concentration in amount
of solute adsorbed per unit surface area of the interface. Only
the use of such a type of units allows a comparison between
the results obtained with different columns. Unfortunately, the
determination of the actual surface area of the interface between
the liquid phase and the alkyl-bonded packing material is not
straightforward because the bonded layer interferes with most
methods of measurements. The classical methods of measure-
ments operate under vacuum, collapsing the bonded layer. In
t e that
d y ob-
s y also
b cific
s ce
a mical
p
b

This method was originally proposed by James and Ph
38], and by Schay and Szekely[39] for the determination o
dsorption isotherms. Its advantages are discussed else

37,40]. Its principle consists in replacing abruptly the mo
hase pumped into the column with a solution of the compo
tudied at a known concentration in the same mobile phas
n recording the composition of the column eluate. The
le recorded is called the breakthrough curve. It is a titra
urve since it gives the amount of the compound that is req
o equilibrate the packing material in the column with the
olution. The recording lasts as long as necessary to reach
odynamic equilibrium between the liquid (mobile) and

olid (stationary) phases. This equilibrium is reached wh
lateau concentration corresponding to the feed concent

s detected at the column exit.
The detailed study of the consequences of the conservat

he mass of the compound injected into the column betwee
witch in mobile phase composition at the column entrance
he detection of equilibrium at its exit leads to split the respo
nto four different areas (seeFig. 1and areasA1,A2,A3, andA4).
he areaA1 represents the mass of the compound that is pr

n the volume of the mobile phase outside the column, betw
he mixer point and the detector cell. This volume is called
xtra-column volume,Vext. The areaA2 represents the mass
ompound that is contained in the volume of the mobile p
nside the chromatographic column or column hold-up volu
0. The areaA4 corresponds to the mass of the compound

eaves the column during the time of the experiment. Finally
reaA3 represents the mass of the compound that is ads
n or in the stationary phase inside the column at equilibr
d

he presence of a liquid phase, the layer swells to a degre
epends upon the nature of that solvent. The swelling ma
truct some pores, reducing the actual surface area. It ma
e partially permeable to the solute. By convention, the spe
urface of the bare silicaSp is taken as the reference surfa
nd this introduces some error. Based on the physico-che
roperties of the packing material (Sp, ρSilica or density of the
are silica,ρBP or density of the bonded phase, %BP or weight
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percent of bonded phase), the apparent concentration of solute
per unit volume can be transformed into the concentration of
adsorbate per unit surface area:

q∗
Surf =

q∗
Vol × ((1 − %BP)/ρSilica + %BP/ρBP)

Sp × (1 − %BP)
(6)

In all this paper, we refer to the first definition ofq∗ per volume
unit of stationary phase. If the reader wants to compare the ad-
sorption data reported for different columns, the relevant data
in Table 2, which lists the necessary physical properties of the
different packing materials, should be introduced into Eq.(6).

In order accurately to determine the concentration of the
adsorbate in the stationary phase, an accurate estimate of the
column hold-up volumeV0 must be obtained. We found that
thiourea is a satisfactory non-retained tracer, despite the fact that
it has been reported to be slightly retained[41–43], to a degree
that depends on the mobile phase composition. The errors made
on the estimate of the column hold-up volume[44] do not affect
the profile of the adsorption energy distribution derived from the
isotherm data (a bimodal isotherm remains bimodal even if an
error of 15% is made on the true hold-up volume). They may
affect the value derived for the low-energy equilibrium constant.

The acquisition of FA adsorption data must be made in the
broadest possible range of concentrations of the compound. The
modeling of the equilibrium isotherms of compounds that are
poorly soluble in the mobile phase is less accurate than that
o om-
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the column solutions containing 10, 20,. . ., 90, and 100% of
the mother solution (atCM) in the mobile phase. The mobile
phase composition is chosen so that the retention factor of the
compound at infinite dilution is between 3 and 5 (accurate mea-
surements require a significantly large breakthrough volume, the
need to save on the time and the amount of chemicals needed
suggests using a reasonably short breakthrough volume). If the
breakthrough curve of the 10% solution is not symmetrical, a
new mother solution atCM/10 is prepared and a new series of
ten injections is carried out. This procedure is repeated until the
two or three breakthrough curves obtained at the lowest con-
centrations are symmetrical. This might require to change the
UV wavelength monitored for detection during the whole set
of measurements and to use different wavelengths in the low
and high concentration ranges. Experience has shown that, with
modern RPLC columns, however low the concentrations below
which the isotherm behavior becomes practically linear, the cor-
responding breakthrough curves can still be detected by the UV
detector, the detection limit of which is of the order of 1�mol/L.
We have always been able to measure data in the linear part of
the isotherm, except in some rare cases, e.g., for some ionizable
compounds eluted with a mobile phase without supporting salts
or buffer.

FA measurements can be carried out in two different ways,
the staircase and the independent steps methods. In the former
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f those that are highly soluble. Poor solubility makes c
ounds ill-suited for systematic studies of retention mechan

sotherm modeling for computer-assisted optimization of th
erimental conditions of preparative separations does no

er from this limitation since measurements of isotherm
an be made at concentrations as high as or higher than
afely used in preparative HPLC and an empirical modelin
he isotherm is acceptable for this purpose. When isotherm
re collected for the purpose of physico-chemical studies

or the study of retention mechanisms), two rules must be
owed to obtain the highest accuracy possible for the adsor
sotherms. First, the maximum concentration in the injecte
ution, Cmax, should be as close as possible to the solubilit
he component in the mobile phase. This ensures that the l
ossible fraction of the surface of the adsorbent will be cov
y the compound and permits a more correct estimate o
olumn saturation capacity. Second, the lowest concentr
sed for FA measurements must lead to a symmetrical b

hrough curve. Under linear conditions, the shape of the b
hrough curve is an error function, the floating integral func
f the classical Gaussian profile. Its position corresponds t

nitial slope of the isotherm, i.e., to the Henry constant. S
ying these two conditions guarantees that the contributio
he highest and lowest-energy types of sites will be taken
ccount. This is important because the former are occup
ery low concentrations and the latter at high concentra
nly.

FA measurements are carried out following a systemati
erimental procedure. A mother solution of the compoun
concentrationCM in the mobile phase is prepared. Ten

orption data points are successively acquired by pumping
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obile phase between two consecutive steps. This meth
ast but it is rather inaccurate because errors of measure
ropagate from step to step. The estimate of the mass ads
uring stepi + 1 depends on the value calculated for the m
dsorbed at the end of the precedent step,i. The latter mode o

njection consists in regenerating the column after each ste
chieving complete desorption of the compound before in

ng a second breakthrough curve. The masses adsorbed
ach one of the consecutive steps are calculated indepen
f the other ones, which eliminates the accumulation of er
his method requires more time and more chemicals but
ery accurate if the temperature, the back pressure, and th
ate are well controlled during the entire sequence. The me
f independent steps must be preferred for the sake of da
uracy. In addition, recording the complete breakthrough c
i.e., the adsorption and the desorption profiles for each
entration step injected) has two important advantages. F
llows the unambiguous determination of the initial linear
f the isotherm, hence informs on the possible need for th
uisition of additional data at lower concentrations. Second
reakthrough profiles contain important information regar

he mass transfer kinetics.
Fig. 2 illustrates the differences between high and low c

entrations breakthrough curves. It shows the breakthr
urves of caffeine (injections during 5 min of solutions at 2
.64, 0.335, 0.0103 and 0.00103 g/L) on Resolve-C18, using a
ixture of methanol and water as the mobile phase (25/75

45]. These curves cannot be recorded for concentrations
han 25 g/L (maximum solubility) but need to be recorded
affeine concentrations down to about 1 mg/L, i.e., 5�mol/L.
he breakthrough curves become then symmetrical. This m
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Fig. 2. Example of the evolution of the shape of the breakthrough curves from high concentrations (non-linearity of the isotherm, non symmetric breakthrough
curves) to low concentrations (linear domain of the isotherm, symmetric). Caffeine, Resolve-C18, methanol:water, 25/75 (v/v), flow rate 1 mL/min,T = 295 K.

that, in this case, the dynamic range of concentrations (i.e., the ra-
tio between the largest and lowest concentrations applied) must
be at least 24,000 if one needs the maximum useful information
on the adsorption isotherm and wants to optimize the search for
the best physical isotherm model.

Measuring adsorption data in a sufficiently wide dynamic
range is crucial to identify the different types of adsorption sites
that may contribute to the overall retention of the analytes and
to determine accurately their parameters (see later, heterogene-

ity of RP columns). Too small a dynamic range would lead to
choose an erroneous models for the fitting of the adsorption data
because some isotherm contribution will be missed that varies
significantly with the concentration in the range omitted.Fig. 3
shows how important it is to measure adsorption data down to
very low concentrations in order accurately to model the pres-
ence of very high-energy sites. These sites are usually saturated
at very low concentrations. So, beginning the FA run with a
concentration in the mobile phase that saturates these sites is the
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Fig. 3. Plot of the contribution of the three types of adsorption sites identified in the case of Nortryptiline on C18-Discovery column, atT = 295 K, with acetoni-
trile/water, 15/85 (v/v). The figure shows that a dynamic range of at least 60,000 was necessary to describe accurately the adsorption system. Note howdifferent
levels of concentration are required to saturate the different adsorption sites, i.e., about 0.001 (bottom-right insert), 7.5, and 60 g/L for sites of types 3–1, respectively.
The two bottom inserts show clearly the contribution of adsorption on sites of types 2 and 3, respectively to the overall amount adsorbed in the low concentration
range.

most frequent error made in the measurement of FA isotherm
data. Even if their number is very small and their contribution
to the adsorption of the compound at high concentration is neg-
ligible, these sites control to a large extent the retention factork′
that is measurable only under linear conditions (with infinitely
diluted solutions). Analysts should not want to miss this precious
information.

The aforementioned experimental method and procedures to
measure and acquire adsorption data were systematically fol-
lowed in all the studies presented in this review. The next sub-
sections describe the handling of the FA data in order to derive
the best adsorption isotherm model.

2.2. Calculation of the adsorption energy distribution

The issue of the surface heterogeneity of RPLC adsorbents
remains confuse for the lack of reliable measurements. The pres-
ence of free or unbonded silanol groups on these surface is cer-
tain. It results clearly from IR and NMR measurements and
from the mass balance between the density of silanol groups on
a hydrated silica surface and the number of alkyl chains bonded
onto the surface of RPLC materials. However, the accessibil-
ity, reactivity, and acidity of these groups is unknown. There
are no figures characterizing the difference between the interac-
tion energies of an analyte molecule with a bonded alkyl chain
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and with a silanol group. The probabilities of interactions of
this molecule and silanol groups or chains are unknown. Obvi-
ously, although the alkyl chains are slightly fewer than the silanol
groups, the volume occupied by the former is far greater than
that of the latter. It is almost certain that interactions between
parts of the alkyl chains only and analyte molecules take place
often while interactions between these molecules and silanol
groups take place almost always in the presence of alkyl groups.
For the lack of a suitable method for deriving quantitative esti-
mates of the interaction energy between the adsorbent surface
and analyte molecules, we are still content with essentially qual-
itative tales elaborating inconclusively on the obnoxious pres-
ence of underivatized, isolated silanol groups that would be
the main if not the only source of heterogeneity of the sur-
face of C18 bonded stationary phases. Manufacturers have in-
vested considerable resources in attempts to reduce as much
as possible the density of these undesirable silanol groups, us-
ing for that purpose new bonding reagents, silanol endcapping,
new, bare solid adsorbents with fewer silicon atoms in their net-
work, or adsorbents encapsulated in a polymeric shell, hence,
in all cases, with fewer surface silanols. Notable improvements
have been made during the last two decades. Still, as we show
later, the adsorbents available are far from being reasonably
homogeneous.

We know that all surfaces are heterogeneous[46]. This fact is
particularly vexing in adsorption studies. It is due to the superim-
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whereq∗(C) is the total amount of a solute adsorbed on the
surface at equilibrium with a concentrationC of this solute,ε
the binding energy between an adsorbed solute molecule and the
surface of the adsorbent, andb is the associated binding constant
related toε through the following equation:

b(ε) = b0 exp
( ε

RT

)
(8)

whereb0 is a pre-exponential factor that is usually assumed
to be the same whatever the type of adsorption sites,i, that is
considered[46].

In Eq. (7), other local isotherm models can be considered.
The most important are the Jovanovic isotherm[47],

1 − exp(−b(ε)C) (9)

the Moreau isotherm[48],

b(ε)C + Ib(ε)2C2

1 + 2b(ε)C + Ib(ε)2C2 (10)

which is valid for nonideal adsorption on a homogeneous sur-
face, i.e., for adsorption under such conditions that significant
adsorbate–adsorbate interactions may take place and in which
I is the adsorbate–adsorbate isotherm parameter, or the BET
isotherm[49]

b(ε)C
(11)
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osition of two properties of matters. First, the solubility of
urities in solids tends to be poor and impurities are expelle
ard the surface of the solid. The concentrations of all the im

ities are always much higher at the surface than in the bulk s
hese impurities cause a strong heterogeneity of the electro
eld at the silica/gas or silica/liquid interface. This is why
ecrease in the iron, boron, or aluminum content of silica tha
onsequence of the development of the sol-gel processes
ca synthesis has led to greatly improved silica adsorbents
nd, the very presence of the surface causes stresses and
f the bonds of polyvalent atoms. Thus, because they are str
nd strained, the valences of the silicon and oxygen atoms
ilica surface are not fully saturated. This also causes a
ain degree of heterogeneity of the electrostatic field abov
urface, but to a lesser degree. The study of adsorption ont
rogeneous surfaces has become of great interest in adso
tudies.

Actual surfaces are characterized by an adsorption e
istribution function,F (ε), that may be broader or narrower,

hat may have several more or less well resolved modes,
ode having a finite width. The experimental isotherm on
surface is the sum of the isotherm contributions of each

f the different types of homogeneous sites that are cov
he surface. Under the condition of a continuous adsorptio
rgy distribution and assuming a Langmuir local isotherm m
n each homogeneous patch of the surface, the experim
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herebL is the equilibrium constant of the component betw
uccessive layers of adsorbate and the mobile phase. The
ulty to solve Eq.(7) and obtain the energy distribution with t
oreau or the BET isotherm is due to the presence of a se

ndependent parameter (the adsorbate–adsorbate interact
fficient,I or bL) in addition to the equilibrium constantb. This

wo-dimension problem has not been solved yet and the
ossibility to deriveF (ε) in this case would consist in assumin
elationship betweenb(ε) andI orbL. It could make sense to pr
ose that the higher the equilibrium constantb(ε), the lower the
dsorbate–adsorbate interactions because the distance b

wo closest adsorption sites would then be larger. However
ormal relationship would be empirical at this stage.

In many cases of liquid/solid adsorption, however, we fo
hat the adsorbate–adsorbate interactions are negligible an
he local adsorption behavior is correctly accounted for by
angmuir model. In this work, we discuss only cases in w

he local isotherm follows this model and the problem is o
o find the corresponding distribution function, a function of
quilibrium constant,b(ε), alone.

The normalization condition for the AED is a boundary c
ition for Eq.(7)
∞

0
F (ε) dε = qs (12)

hereqs is the overall saturation capacity.
To characterize the behavior of a heterogeneous surfac

ED,F (ε), is derived from the set of experimental isotherm d
with theM experimental data points given byM − 1 FA mea-
urements plus the origin,q = C = 0), a procedure for whic
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there is a variety of methods[46,50–52]. Most of these meth-
ods use a preliminary smoothing of the experimental data, i.e., fit
these data to an isotherm model (e.g., to the Freundlich isotherm
[50]), or search for an AED that is given by an arbitrary func-
tional relationship which is chosen depending on the problem
studied and the instinct of the scientist. These two approaches
are equivalent because there is a direct correspondence between
isotherm and AED models. In both types of methods, arbitrary
information is injected into the determination of the AED by
forcing it to follow a given functional relationship. In this work,
we used instead a numerical method, the EM method[52]. This
computer-intensive method uses directly the raw experimental
data, without injecting any arbitrary information into the AED
derivation. The distribution function,F (ε), is discretized, using
an N-grid points in the energy space, (i.e., assuming that the
surface is tiled with a set ofN different homogeneous surfaces)
and the corresponding values ofF (ε) are estimated from theM
experimental data points. The energy space is limited byεmin
andεmax, two energy boundaries which are respectively related
to the maximum and the minimum concentrations within which
the adsorption data have been acquired, by using Eq.(8) (with
bmin = 1/CM andbmax = 1/C1). This is why FA data must be
acquired in as wide a concentration range as possible. However,
a narrower range may be considered, as long as it accommodates
the data.

The amountq(Cj) of solute adsorbed at concentrationCj is
i
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after each iteration by

Fk+1(εi) = Fk(εi)
Cmax∑
Cmin

b(εi)Cj

1 + b(εi)Cj

�ε
qexp(Cj)

qk
cal(Cj)

(16)

The EM procedure protects better than most other methods
against the consequences of the possible incorporation of ex-
perimental artifacts into the calculation of the AED and against
the effect of modeling the experimental data (and particularly
the noise and drift that the data may contain)[52].

Finally, we obtain the AED or relationship between the ad-
sorption constant (bi) on a type of sites (i) and the number of
adsorption sites (qS,i) over which the compound is distributed
at equilibrium between the liquid and the adsorbent. This AED
(qS,i(bi)), withbi = b(εi) is considered as valid for further inves-
tigations ifqS,i tends towards zero whenbi tends towardsbmin
andbmax. If it does not do so, the number of iterations should
be increased until the following criteria is fulfilled:

qS,1

MaxqS,i

< 0.01 and
qS,N

MaxqS,i

< 0.01 (17)

If these conditions cannot be realized for any iteration number
superior to one hundred millions, this usually means that the
maximum experimental concentrationCmax = CM at which FA
measurements were carried out is too low to get a good estimate
of the properties of low-energy sites by the EM calculation. The
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teratively estimated by

qk
cal(Cj) =

εmax∑
εmin

Fk(εi)
b(εi)Cj

1 + b(εi)Cj

�ε,

j ∈ [1, M]; i ∈ [1, N] (13)

ith

ε = εmax − εmin

N − 1
, εi = εmin + (i − 1)�ε (14)

he indexk indicates thekth iteration of the numerical calc
ation of the AED function. The initial guess (iterationk = 0)
f the AED function,F (εi), is the uniform distribution (over th
fictitious adsorption sites) of the maximum adsorbed am

hat was observed experimentally[52].

0(εi) = q(CM)

N
, ∀i ∈ [1, N] (15)

sing this initial guess has the advantage of introducing the
mum possible bias into the AED calculation. Actually, the
rogram calculates the amount adsorbed by takingb(εi) as the
ariable in the energy space, so that neither the temperatu
he pre-exponential factor in Eq.(8) need to be defined[52].
nly M, N, bmin, bmax and the number of iterations must be

ned before starting the calculations. It is noteworthy, howe
hat, while an assumption must be made regarding the va
0 in Eq.(8) in order to obtain any information on the adsorp
nergy, this assumption cancels out when the difference be

wo adsorption energies is calculated (see below). The fin
ult is the distribution of the equilibrium constants (often ca
he affinity distribution). The distribution function is upda
t

-

or

,
f

n
-

aximum surface coverage achieved is definitely too low.
imitation comes usually from the poor solubility of the co
ound studied. Rarely, another limit is encountered when
inimum concentration at which FA data can be acquired i

ow enough, which may come from a lack of detector sens
ty and then, the divergence of the AED is observed in the
dsorption constant range. In either case, the AED obtaine
rovide only a qualitative answer to the question of the degr
eterogeneity of the adsorbent studied. Only the number o

inct sites can be obtained, not precise estimates of the satu
apacities and average equilibrium constants of these site

.3. The equilibrium dispersive model

Overloaded elution band profiles or breakthrough curve
e calculated using the best model derived (see later se

or the isotherm of the compound studied and the equilib
ispersive model (ED) of chromatography[37,53,54]. The ED
odel assumes instantaneous equilibrium between the m
nd the stationary phases and a finite column efficiency

nating from an apparent axial dispersion coefficient,Da, that
ccounts for the dispersive phenomena (molecular and edd

usion) and also for the non-equilibrium effects that take pla
chromatographic column. These effects are supposed to
tively small compared to the band broadening originating

he nonlinear behavior of the isotherm, otherwise the ED m
ould not be valid. The axial dispersion coefficient is relate

he experimental parameters through the following equatio

a = uL

2N
(18)
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whereu is the mobile phase linear velocity,L the column length,
andN is the number of theoretical plates or apparent efficiency
of the column. In the ED model, the mass balance equation for
a single component is written

∂C

∂t
+ u

∂C

∂z
+ F

∂q∗

∂t
= Da

∂2C

∂z2 (19)

whereq∗ andC are the stationary and the mobile phase concen-
trations of the adsorbate, respectively,t the time,z the distance
along the column, andF = (1 − εt)/εt is the phase ratio, withεt

the total column porosity at timet and distancez. If εt is assumed
to be constant during the whole measurement, so isF (in some
cases, particularly when the BET model of isotherm applies,F is
a function of the local value ofq∗, hence ofC and consequently
it is a function oftandz). q∗ is related toC through the isotherm
equation,q∗ = f (C).

2.3.1. Initial and boundary conditions for the ED model
At t = 0, the concentrations of the solute and the adsorbate in

the column are uniformly equal to zero, the column is empty of
solute, and the stationary phase is in equilibrium with a stream
of the pure mobile phase. The boundary conditions used are the
classical Danckwerts-type boundary conditions[37,55] at the
inlet and the outlet of the column.

2.3.2. Numerical solutions of the ED model
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relative differences between the experimental data and those
calculated with the model. The statistical Fisher parameter,
Ft , is used to select the best isotherm model. For each model,
the Fisher parameter is calculated according to:

Fcalc,t = N − l

N − 1

∑i=N
i=1 (qexp,i − qexp)2∑i=N
i=1 (qexp,i − qt,i)2

(20)

whereqexp,i are the experimental values of the solid phase
concentrations of the adsorbate in equilibrium with a liquid
phase at concentrationsCi (i.e.,qexp,i andCi are the FA data
points),qexp the mean value of the whole set of data,qexp,i,
qt,i the estimate given by the isotherm model (Mt) for the
solid phase concentration of the adsorbate in equilibrium with
the mobile phase concentrationCi, l the number of adjusted
parameters in the model, andN is the number of experimental
data acquired by FA.

In order to tell if a model is significantly (or statistically)
better than another one, theF-test ratio between two models
Mt1 andMt2, Ft1,t2 is calculated by:

Ft1,t2 = Ft1

Ft2

(21)

Considering a riskα, the modelMt1 correlates better the
experimental data than the modelMt2 if

Ft1,t2 ≥ FN−l1,N−l2,α (22)
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The ED model was solved using the Rouchon program b
n the finite difference method[37,56–58].

.4. From the isotherm data to the isotherm model

Once the single-component adsorption data have bee
ected, they need to be properly modeled. The main isot

odels available are discussed in the next section. The fo
ng tests are applied successively to find out whether an isot

odel is consistent with the experimental data, which mo
re acceptable, and which models have to be definitely reje
hus, the selection of the best isotherm model obeys to a pr
f elimination until one single isotherm model is left.

The first test consists in plotting the data as a Scatchard
(e.g., a plot ofq∗/C versusq∗. Isotherm models can be cla
sified according to the shape of the corresponding Scat
plot. As illustrated inFig. 4, some isotherms have a conv
downward Scatchard plot (e.g., the bi-Langmuir, the Tóth,
the Langmuir-Freundlich models), others have a convex
ward Scatchard plot (e.g., the Jovanovic, the Fowler mod
Isotherm models with an inflection point have a Scatc
plot with a minimum, a maximum, or both. Only the Lan
muir isotherm model has a linear Scatchard plot. The s
of the experimental Scatchard plot informs on the grou
models to consider.
The second step of our selection process consists in
eling the isotherm data with those in the selected grou
models. A multi linear regression analysis of these mode
carried out, using a fitting based on the Marquardt algor
[59], which minimizes the residual sum of the squares o
d
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wherel1 andl2 are the numbers of adjusted parameters in
modelsMt1 andMt2, respectively.FN−l1,N−l2,α is available
in statistical test tables. If, for a given model,Mt2, Eq.(22)
is valid whatever the modelMt1, then the modelMt2 will be
definitively eliminated.
The third step compares the set of remaining isotherm m
with the results of the calculation of the adsorption energy
tributions from the raw adsorption data (see Section2.2). Any
adsorption model that is inconsistent with the experime
AED must be eliminated. For instance, if the EM calculati
converge toward a bimodal distribution, a Tóth model canno
account properly for the isotherm data since the AED o
Tóth model is unimodal.
Finally, if after the third step, there are still more than
isotherm model that may account correctly for the ads
tion data, the last selection step is based on the compa
between the calculated and the experimental band profi
high and low concentrations. Still, if no significative diff
ence is found between these models, the final choice w
based on the physical sense of the isotherm parameter

. Adsorption isotherm models

For the last two decades most of the adsorption isoth
easured in RPLC were found langmuirian, i.e., they were fo

o be convex upward and to belong to type I of the gas–
quilibrium isotherm classification of Brunauer et al.[60]. Very

ew cases had shown adsorption data consistent with isoth
f type II (S-shaped isotherms that are convex upward a
oncentrations then convex downward at high concentrati
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Fig. 4. Correspondance between the shape of the Scatchard plot representation
(q∗/C vs.q∗) and the nature of the isotherm model. Reproduced with permission
from Gritti and Guiochon[78] (Fig. 1).

to type V (S-shaped isotherm that are convex downward at low
concentrations then convex upward at high concentrations) or to
type III (antilangmuirian isotherms that are convex downward).
Recent investigations, however, have demonstrated that all types
of isotherm shape could be observed in RPLC. This seems to be
due in part to the wider range of structure and physico-chemical
properties of the compounds studied, in part to the understanding
that isotherms must be measured in the widest concentratio
range possible.

The accumulation of a large amount of experimental data ha
made possible to propose some qualitative predictive rules re
lating the shape of the isotherm and the characteristics of th
solute studied. Simple conclusions can be drawn from these ex
perimental results regarding the mechanisms of adsorption i
RPLC, as we show later in this report.

3.1. Nature of the solute and curvature of the adsorption
isotherm

Table 1lists 15 compounds for which isotherms were mea-
sured on one or several of the RPLC columns studied (using

methanol:water solutions as the mobile phase), together with
some physico-chemical characteristics of these compounds and
the shape of the isotherms measured for them. A solute can be
characterized by a few molecular descriptors. Abraham et al.
have published a list of more than 400 solutes with the values of
numerous of these descriptors[61]. The descriptors considered
measure the propensity of a solute (1) to interact with a solvent
throughΠ- or n-electron pairs (descriptorR2); (2) to take part
in dipole–dipole or dipole-induced interactions (descriptorπH

2 );
(3) to release an hydrogen atom to form hydrogen bonds with the
solvent (descriptor

∑
αH

2 ); (4) conversely, to accept hydrogen
atoms from the solvent and form hydrogen bonds (descriptor∑

βH
2 ); (5) a last descriptor, the van der Waals volumeVx of the

solute, is related both to the energy required to create a cavity
to accommodate the solute in the solvent and to the dispersion
interactions between the solute and the solvent.

Three out of these five descriptors are statistically indepen-
dent for the family of solutes studied. For this reason, only
the hydrogen bond acidity (

∑
αH

2 ), the hydrogen bond basic-
ity (

∑
βH

2 ), and the solute hydrophobicity (Vx) are shown in
Table 1. Although relatively restricted, the number of solutes is
sufficient to use their descriptors in an attempt at characterizing,
on a statistical basis, the physico-chemical properties of chro-
matographic systems depending on the nature of the stationary
phase and of the mobile phase used. This will shed light on the
relative importance of the interactions that govern the retention
m
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Table 1
Molecular descriptors of 15 analytes, isotherm shape and content of methano

πH
2

∑
αH

2

∑
βH

2 Vx

3-Phenyl 1-propanol 0.91 0.30 0.65 1.06
4

14
50
78 6]
0
6
00
2
6

22
21
.35
.69

28
4-tert-Butylphenol 0.89 0.56 0.39 1.3
Butylbenzene 0.49 0 0.17 1.
Butylbenzoate 0.85 0 0.46 1.
Phenol 0.89 0.60 0.31 0.
Caffeine 2.69 0 1.80 1.5
Toluene 0.52 0 0.14 0.8
Ethylbenzene 0.51 0 0.15 1.
Aniline 0.89 0.23 0.45 0.8
Theophylline 2.54 0 1.80 1.3
Propranolol 1.71 0.45 1.53 2.
Ethylbenzoate 0.85 0 0.46 1.
Propylbenzoate 0.85 0 0.46 1
1-Naphthalene sufonate 2.92 0 2.84 1
Amylbenzene 0.48 0 0.18 1.
n

s
-
e
-

n

echanisms.
In all our experiments, the methanol content of the mo

hase was always adjusted in order to achieve a moderate
f the retention factor. Too short a retention factor gives po
ccurate FA data. Too long a retention time of the solute lead
aste of time and chemicals. Typically, the mobile phase co
ition was adjusted to achieve retention factorsk

′
0 at infinite dilu-

ion of around 5.Table 1shows a wide range of methanol cont
f the mobile phase, from 10 to 80% for the low-molecular-m
ompounds used.Fig. 5 shows plots of the values of the thr
ain molecular descriptors versus the methanol content o
obile phase. No useful correlation can be established be

he hydrogen-bond acidity, the hydrogen-bond basicity, o
ydrophobicity of the solute and the methanol content req

l in the aqueous mobile phase

% MeOH (v) Isotherm shape References

50 Langmuir [63]
60–62 Langmuir [63,135]
80 Anti-Langmuir [63]
60–80 S-shaped [63,136]
15–45 Langmuir [69,79,85,77,78,45,105,9
15–30 Langmuir [69,79,77,78,45,135,72]
80 S-shaped [35]
80 S-shaped [35]

15–45 Langmuir S-shaped [74,77]
30 Langmuir [74]
25–40 S-shaped [74,122,128–136]
62 S-shaped [64–66]
60–65 S-shaped [77,135]
10 Langmuir [132]

80 Anti-Langmuir [62]
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Fig. 5. Plots of the molecular descriptors of the analyte (hydrogen bond acidity
∑

αH
2 , hydrogen bond basicity

∑
βH

2 and molecular volumeVx) vs. the content

of organic modifier (methanol) required to measure accurate adsorption data (k
′
> 3) in RP-HPLC conditions. Note the poor correlation between these individual

descriptors and the methanol content.

to achieve a retention factor close to 5. Note, however, that we
never needed to use a high methanol content mobile phase to
elute a solute with a strong tendency to form hydrogen bonds
by accepting hydrogen atoms. More generally, it is clear that
none of these parameters control the retention of the solute in
RPLC with aqueous methanol solutions. Instead, a combination
of all these parameters must be considered. Qualitatively, for
entropic reasons, the larger the molecular volume of a solute,
the more likely its expulsion from the polar liquid phase. On the
other hand, the stronger the ability of the solute to participate
in hydrogen bonding interactions with the solvent molecules,
the better its affinity for methanol and water. Accordingly,Vx,
on the one hand,

∑
αH

2 and
∑

βH
2 , on the other act in opposite

directions. A more appropriate solute descriptor to correlate the
methanol content of the mobile phase and its retention factor
would beP = Vx −∑αH

2 −∑βH
2 . Fig. 6 shows that there is

indeed a clear correlation betweenP and the methanol concen-
tration in the mobile phase.

Most interesting is the correlation between the location of the
points corresponding to the different compounds studied and the
shape of the isotherm measured. Antilangmuirian isotherms are
observed for high values ofP and high methanol contents, cor-
responding to apolar solutes (e.g., amyl benzene, butyl benzene
[62]). Langmuirian isotherms are found in the region of low

values ofP and low methanol concentrations, corresponding to
polar, hydrogen-bond donor or acceptor solutes (e.g., caffeine,
phenol). Finally, the intermediate region of moderate values of
P and of the methanol concentration contains the points repre-

Fig. 6. Same as inFig. 5, except for the plot ofVx −
∑

αH
2 −
∑

βH
2 vs. the

methanol content. Note, this time, a correlation between this new built descriptor,
the quantity of methanol and the nature of the isotherm (Langmuir, S-shaped,
anti-Langmuir).
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senting the compounds that have S-shaped isotherms (e.g. esters
like propyl benzoate or small apolar solutes like toluene).

This is illustrated by the comparison between the adsorption
isotherms of 4-tert-butyl phenol (P = 0.39, [MeOH]= 61%),
ethyl benzoate (P = 0.75, [MeOH]= 62%) and amyl benzene
(P = 1.10, [MeOH]= 80%). These three compounds have an
aromatic ring, nearly the same molecular weight (150, 150,
and 148 g/mol, respectively), the same van der Waals volume
(Vx = 1.34, 1.21, and 1.28, respectively) but have adsorption
isotherms of types I–III, respectively, on all the C18 bonded
phases tested. Their different behavior is due to their differ-
ent ability at participating in hydrogen-bond interactions with
the mobile phase. While 4-tert-butyl phenol is both an acceptor
and a donor of hydrogen, ethyl benzoate is merely an hydrogen
bond acceptor, and amyl benzene is a very poor hydrogen bond
acceptor. The modeling of the adsorption data of these three

compounds[63–66]has proven that the adsorption isotherm of
4-tert-butyl phenol follows Langmuir behavior, hence is simply
controlled by one equilibrium constant,b, which accounts for
the equilibrium between the two states of the compound, so-
lute and adsorbate. In contrast, the adsorption of the other two
components is characterized by two independent equilibrium
constants,bS andbL. The first accounts for the equilibrium of
the compound between the solution and the bare C18-bonded
surface (bS), the second for the equilibrium between the solu-
tion and the successive adsorbed layers of compound (bL). In
other words, molecules of 4-tert-butyl phenol do not experience
adsorbate–adsorbate interactions while those of ethyl benzoate
and amyl benzene do.

A schematic representation of these adsorption mechanisms
that is consistent with these adsorption models is given in
Figs. 7–9. In the case of 4-tert-butyl phenol, the adsorbed phase

F
a

ig. 7. Scheme (A) of the molecular description of the adsorption of analytes h
dsorbate molecules.
aving a langmuirian isotherm (B and C). The adsorption is limited to a monolayer of



F. Gritti, G. Guiochon / J. Chromatogr. A 1099 (2005) 1–42 15

Fig. 8. Same as inFig. 7, except for analytes whose isotherm is described by a S-shaped adsorption isotherm. Adsorbate–adsorbate interactions occur and become
predominant at high concentrations.

is limited to a monolayer because the hydrophobic part of its
molecules interacts within the tips of the C18chains while the po-
lar part is solvated with adsorbed methanol molecules, through
strong hydrogen-bonds. For ethyl benzoate, the situation is dif-
ferent because the solvation of the polar part (ester group) by
methanol molecules is weaker (the solute can only receive hydro-
gen bonding from methanol, not give such bonding). This makes
it more likely that molecules of ethyl benzoate interact together
in the adsorbed state, through dipole–dipole interactions involv-
ing the carbonyl group or	-stacking between phenyl rings.
Even though it is not possible to ascertain the actual structure
of the adsorbed phase, the formation of adsorbate–adsorbate in-
teractions at high concentrations is made clear by the S-shaped
isotherm of ethyl benzoate. The antilangmuirian shape of the
adsorption isotherm of amyl benzene shows that adsorbate–
adsorbate interactions take place even at zero concentration in
the mobile phase. Because amyl benzene molecules cannot fa-
vorably interact with polar solvents like methanol, there is no

competition to adsorbate–adsorbate interactions. Most of the ad-
sorbed methanol is displaced from the interface by the analyte
which interacts more strongly with the bonded alkyl chains.

This qualitative molecular description of the adsorbed phase
is based on the well-known nature of the interactions between
the analyte and the organic solvent (methanol). It is consistent
with the adsorption data measured and, particularly, with the
shape of the equilibrium isotherms observed.

3.2. Mathematical models

Liquid/solid equilibrium isotherms can be separated into four
classes, those corresponding to ideal adsorption (no adsorbate–
adsorbate interactions) on homogeneous surface (with an AED
given by a Diracδ function or a narrow Gaussian curve, to ac-
count for experimental errors and for small fluctuations of the
surface properties caused e.g., by its roughness), to ideal ad-
sorption on heterogeneous surfaces, to nonideal adsorption on
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Fig. 9. Same as inFig. 7, except for analytes whose isotherm is described by an anti-Langmuirian isotherm. Adsorbate–adsorbate interactions occur at a zero
concentrations.

homogeneous surfaces and to nonideal adsorption on heteroge-
neous surfaces. Given the fact that we know all RPLC adsor-
bent surfaces to be heterogeneous, which is confirmed by the
multi-modal character of the AEDs observed on all the adsor-
bent surfaces studied here, we need to consider only the two
groups of isotherms dealing with heterogeneous surfaces. How-
ever, for the sake of simplicity, we consider a slightly different
definition of the two groups. The first group accounts for the
behavior of adsorption systems in which the adsorbed phase
consists in a monolayer of adsorbate molecules. This does not
exclude the possibility of some lateral interactions between the
adsorbates in the monolayer. The second group concerns cases
in which the adsorbed phase consists in a multilayer system,
the solute adsorbing on the surface of the solid adsorbent and
forming successive layers of the adsorbate. The advantage of
this classification is that only one general isotherm equation
is required for each group. As we show later, the adsorption

data of all the low molecular-mass compounds that we have
studied in RPLC (neutral or ionizable compounds, in the pres-
ence or absence of buffers or of supporting salts in the mobile
phase) can be modeled by either one of these two groups of
isotherms.

The adsorption isotherm models described below relate the
analyte concentration in the bulk mobile phase to the appar-
ent solid phase concentration. They assume that the solution
contains only two components, the solute and the solvent, so
they are really single-component isotherms. However, in al-
most every experimental case, the mobile phase is made of an
organic solvent (usually methanol or acetonitrile) dissolved in
water. This makes the adsorption system ternary. In principle,
binary isotherms should be used, accounting for the competi-
tion between the solute and the organic modifier for adsorption.
It has been shown that the simplification of replacing the bi-
nary isotherm by a single-component isotherm the coefficients
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of which depend on the concentration of the modifier is le-
gitimate in this case[67]. This is because the adsorption of
the organic modifier is weak compared to that of the analyte
and the competition for adsorption between the analyte and
methanol is negligible. The variation of the concentration of
the organic modifier essentially affects the Gibbs free energy
of the analyte in the bulk mobile phase. This simplification is
valid when the Henry constant of the modifier is at least five
times smaller than that of the solute. The situation becomes
more complex with acetonitrile and certain other modifiers the
molecules of which tend to aggregate at the interface with the
bonded layer, causing the formation of micro-environments in
which the mobile phase properties are different from those in the
bulk [113].

3.2.1. Isotherms of group I: monolayer adsorption
The general equation of the adsorption isotherms describ-

ing the formation of a monolayer of adsorbate molecules on
the surface of an adsorbent takes into account (1) the hetero-
geneity of the surface, and (2) the possibility of adsorbate–
adsorbate interactions. The degree of heterogeneity of an ad-
sorbent is characterized by its adsorption energy distribution
which quantifies the variations of the adsorption constant of
the solute according to the position of the site occupied on
the surface. Actual RPLC adsorbents are heterogeneous not
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3.2.2. Isotherms of group II: multilayer adsorption
If the experimental conditions are such that the solute can

adsorb on the top of a layer of previously adsorbate molecules,
an alternative model should be considered. The liquid–solid ex-
tension of the BET model, widely used in the study of gas–solid
equilibria, describes well the adsorption of solute molecules
from the solution onto either the bare solid surface of the ab-
sorbent or a layer of solute molecules already adsorbed. It ob-
viously accounts for the equilibrium between these different
layers. This model, however, assumes that the bare surface of
the adsorbent is homogeneous and that there are no lateral in-
teractions inside each of the monolayers. The equation of the
liquid–solid BET isotherm is derived from kinetic adsorption–
desorption relationships[63], with a first order kinetics. The
equation obtained is:

q∗ = qS
bSC

(1 − bLC)(1 − bLC + bSC)
(24)

whereqS is the monolayer saturation capacity,bS andbL are
the equilibrium constants of the solute from the solution onto
the bare surface of the adsorbent (bS) and into a layer of ad-
sorbate molecules (bL). First, we note that if there are no
adsorbate–adsorbate interactions between two successive lay-
ers of adsorbate molecules, Eq.(24) reduces to the Langmuir
isotherm, a model which belongs to the group I. Generally,
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nly because the silica surface is heterogeneous but be
he bonding process of the alkyl chains leads to region
ow and high density of C18 bonded chains, hence of hi
nd low density of more or less nefarious, underivatized si
roups.

The general isotherm equation for this group of models

∗ =
i=N∑
i=0

qS,i

biC + 2Iib
2
i C

2

1 + biC + Iib
2
i C

2
(23)

herebi is the equilibrium constant of the solute between
iquid and the solid phases,qS,i the saturation capacity andIi

s the adsorbate–adsorbate interaction parameter on thei.
is the number of homogeneous patches of the surface,

cterized by distinct adsorption energies and adsorption
tants. It is an index of the degree of heterogeneity of the
orbent. Each single term in Eq.(23)corresponds to the adso
ion isotherm on one of the sites that can be identified from
ED. These terms have the mathematical form of the Mo

48] or the quadratic (the second-order Ruthven isotherm)[53]
sotherm models. This equation was derived by Langmu
918[68].

Homogeneous surfaces are described byN = 1. The absenc
f adsorbate–adsorbate interactions in theith monolayer im
osesIi = 0, in which case the adsorption isotherm on s
is accounted for by a mere Langmuir isotherm model.
q. (23) is a generalization of the Langmuir model of
orption on ideal, homogeneous surfaces to the case of
deal adsorption on heterogeneous surfaces when the
deal behavior of the adsorption is moderate and the he
eneous surface can be considered as a quilt of homoge
urfaces.
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sotherms accounted for by Eq.(24) are convex upward at lo
oncentrations, then convex downward at high concentra
type II of isotherms according to the van der Waals cla
cation). The reversal of the isotherm curvature, from c
ex upward to convex downward, takes place for a thres
oncentration which corresponds to the inflection point of
sotherm. WhenbL increases, and the adsorbate–adsorba
eractions increase, the position of the inflection point s
oward lower concentrations, until it reachesC = 0 and the
sotherm becomes strictly antilangmuirian (type III). The tr
ition between types II and III of isotherms takes place w
he second derivative of the isotherm becomes equal
or C = 0.

δ2q

δC2 ≥ 0 ⇐⇒ bL ≥ bS

2
(25)

. Experimental

.1. Chemicals

The mobile phases used in our earlier works in RPLC
entioned in this review are all mixtures of methanol or a

onitrile with water. All solvents were of HPLC grade, purcha
rom Fisher Scientific (Fair Lawn, NJ, USA). The mobile pha
ere systematically filtered before use on a surfactant-free c

ose acetate filter membrane, 0.2�m pore size (Suwannee, G
SA). The hold-up tracer used was thiourea, which gives
stimates of the total porosity of the adsorbent. All the c
ounds studied here were purchased from Aldrich (Milwau
I, USA).
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Table 2
Physico-chemical properties of the nine C18 bonded columns used in this work

Column
dimension
(mm× mm)

Particle size (�m) Mesopore
size (Å)

Specific
surface
(m2/g)

Bonding process Carbon
content
(%)

Surface
coverage
(�mol/m2)

End-capping

Hypurity elite 250× 4.6 5 190 200 Monomeric 13.0 3.10 Yes
Kromasil 250× 4.6 6 110 314 Monomeric 20.0 3.59 Yes
Luna 150× 4.6 5 100 420 Monomeric 18.2 3.33 Yes
Symmetry 150× 3.9 5 90 340 Monomeric 19.5 3.18 Yes
Chromolioth 100× 4.6 Monolith 2�m macropore 130 300 Monomeric 19.5 3.60 Yes
Discovery 150× 4.0 5 180 200 Monomeric 12.0 3.00 Yes
Vydac 250× 4.6 5 280 70 Polymeric 7.7 5.0 Yes
XTerra 150× 3.9 5 86 176 Monomeric 15.2 2.50 Yes
Resolve 150× 3.9 5 90 200 Monomeric 10.2 2.45 No

4.2. Chromatographic columns

The columns mentioned in this work are from several man-
ufacturers and represent a large section of the market of the
modern RPLC packing material. Nine brands of manufacturer-
packed columns and one commercial monolithic column were
used to acquire the data reported and discussed in this study. All
these stationary phases were C18-bonded, endcapped, porous
silica. One was a “polymeric” packed column, for which a
trichloro-octadecyl silane was used in the bonding process in-
stead of a monochloro-silane. The adsorents used as stationary
phases were Chromolith (Merck, Darmstedt, Germany), Dis-
covery (Supelco, Bellefontaine, PA, USA), HyPurity Elite (Hy-
persil, Runcorn, UK), Kromasil (Akzo Nobel, Bohus, Sweden),
Luna (Phenomenex, Torrance, CA, USA), Resolve, Symmetry
and XTerra (Waters, Milford, MA, USA), and Vydac 218TP
(Vydac, Hesperia, CA, USA). The main characteristics of the
bare porous silica and of the materials used for the production
of these brands of columns are summarized inTable 2.

4.3. Apparatus

The breakthrough curves and the overloaded band profiles
of all the compounds studied were acquired using a Hewlett-
Packard (Palo Alto, CA, USA) HP 1090 liquid chromatograph.
T hree
t
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air-conditioner. The daily variation of the ambient temperature
never exceeded±1◦C.

5. Reproducibility of adsorption isotherm data

5.1. Packed columns

In this section we study the reproducibility of the adsorp-
tion isotherm data measured on different brands of packed C18
bonded stationary phases (seven brands), on different batches
of the same brand, and on different columns from the same
batch. The comparison of the adsorption data between differ-
ent brands, batches, and columns from the same batch of C18-
bonded columns has not yet been investigated or discussed in
the literature. Although there is much information there regard-
ing the retention factors of a huge number of compounds at
infinite dilution, this information is extremely limited to char-
acterize retention mechanisms, there is little information on the
isotherm data and almost none acquired systematically. So, it is
most useful to compare the nonlinear adsorption properties of
some of the numerous packing materials that are the fruits of
uniquely researched, developed, and patented processes. This is
done here. Information on the saturation capacity, the equilib-
rium constants, and the AEDs of these adsorbents will be pre-
sented and the differences between the retention mechanisms
observed will be discussed.

5
que-
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m ,
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s x),
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p ly.
his instrument includes a multi-solvent delivery system (t
anks, volume 1 L each), an auto-sampler with a 250�L sam-
le loop, a column thermostat, a diode-array UV-detector
data station. Compressed nitrogen and helium bottles

ional Welders, Charlotte, NC, USA) are connected to the
trument to allow the continuous operations of the pump
uto-sampler, and the solvent sparging. The extra-column
mes are 0.068 and 0.90 mL, as measured from the auto-sa
nd from the pump system, respectively, to the column i
ll the retention data were corrected for these contributi
he flow-rate accuracy was periodically controlled by pum

he pure mobile phase at 22◦C and 1 mL/min during 50 min
rom each pump head, successively, into a volumetric gla
0 mL. The relative error was less than 0.4%, so that we
stimate the long-term accuracy of the flow-rate at 4�L/min
t flow rates around 1 mL/min. All measurements were ca
ut at a constant temperature of 22◦C, fixed by the laborator
-

-
ler

.
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.1.1. Brand-to-brand differences
The adsorption behavior of phenol and caffeine from an a

us solution of methanol (30:70, v/v) was measured on
erous columns from seven brands of RP-C18 bonded HPLC
ndcapped columns. These brands are Hypurity Elite (H
il Inc.), Kromasil (Eka, Akzo Nobel), Luna (Phenomene
ymmetry (Waters), Chromolith (Merck), Vydac 218TP (Gr
ydac) [69] and Discovery (Supelco)[70,71]. Figs. 10 and 1
ummarize the experimental adsorption isotherm data mea
lmost all the sets of data fitted very well to the bi-Langm
odel, the exception being Discovery for which the adsorp
ata fitted better to a tri-Langmuir isotherm model. The ch
f the best isotherm model was confirmed by the results o
alculations of the AEDs. The best isotherm parameters a
orted inTables 3 and 4for phenol and caffeine, respective
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Fig. 10. Brand-to-brand reproducibility of the adsorption isotherm of phenol
on seven different C18-bonded stationary phases. Methanol:water, 30/70 (v/v),
T = 295 K. Note the significant differences between these columns (saturation
capacities).

Fig. 11. Same as inFig. 10, except for caffeine.

These results suggest that these RPLC columns have heterog
neous surfaces that contain sites of two different types (thre
types for Discovery), a result in agreement with the AED data
discussed later.

Table 3
Best isotherm parameters accounted for by the adsorption of phenol on seve and
water (30/70, v/v)

Column Vydac Hypurity Symmetry

Totalaporosity 0.66 0.71 0.59
qs,1 (mol/L) 0.58 (0.53) 1.44 (1.52) 1.46 (1.41) 13.84)
b1 (L/mol) 1.11 (0.84) 0.71 (0.47) 0.98 (0.73) .141)
qs,2 (mol/L) 0.29 (0.36) 0.71 (0.85) 0.56 (0.65) .88)
b2 (L/mol) 7.31 (5.67) 7.72 (6.08) 10.9 (6.99) .81)
qs,3 (mol/L) – – 0.48b(n.d.)
b3 (L/mol) – – 18.8b(n.d.)

qS,2

qS,1 + qS,2
33% (40%) 33% (36%) 28% (32%) .5%)

b2

b1
7 (7) 11 (13) 11 (10)

The values in parentheses are the isotherm parameters derived from the calcu
a Derived from the injection of thiourea.
b Measured with 20% methanol in the mobile phase.
c Measured with 15% methanol in the mobile phase.

The significant difference in the saturation capacities of the
different brands is striking for both compounds. The polymeric
packed column (Vydac) has the lowest capacity (qs < 100 g/L),
obviously, at least in a large part, because the adsorbent it-
self has the lowest specific surface area (Sp = 70 m2/g). Dis-
covery has, by far, the largest total saturation capacity, fol-
lowed by the monomeric, monolithic column (250 g/L). All
the other monomeric packed columns have saturation capaci-
ties very close to each other (around 200 g/L). The adsorption
data of butyl benzoate[63] had also shown that the monolithic
RPLC adsorbent has a larger saturation capacity, around 20–30%
larger. The high value measured for Discovery, around 1000 g/L
and 500 for phenol and caffeine, respectively, is surprising and
unexplained. These values are at least five and two times more
than those of the other commercial brands, for phenol and caf-
feine, respectively. The physical properties of this column are not
so much different from those of the other columns, however. In
particular, Discovery and Hypurity are almost identical regard-
ing the physico-chemical characteristics of their silica support,
still their adsorption isotherms deviate considerably from those
on the other materials, particularly at high concentrations.

Tables 3 and 4, Figs. 10 and 11demonstrate that, for all
the RPLC columns studied, the saturation capacity decreases
(by ca. 20%) and the proportion of high energy sites to the
overall capacity decreases markedly (ca. six-fold) from phenol
(MW = 94 g/mol) to caffeine (MW = 194 g/mol). The compari-
s ads to
a nism.
T on of
p the
s that,
d ater
s nol
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l y this
s annot
a
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e

n different brands of RP-C18 bonded HPLC columns from a mixture of methanol

Kromasil Luna Chromolith Discovery

0.61 0.63 0.84 0.72
1.36 (1.35) 1.37 (1.34) 1.96 (1.82) 11.88 (
1.37 (1.34) 0.94 (0.69) 1.28 (0.94) 0.15 (0
0.63 (0.64) 0.87 (1.00) 0.75 (0.98) 0.83 (0
11.8 (11.6) 9.11 (7.36) 11.8 (7.85) 6.69 (6

– – 0.30c(0.30) 0.06 (0.03)
– – 37.8c(46.7) 28.7 (45.1)

32% (32%) 39% (43%) 28% (35%) 6.5% (6

9 (9) 10 (11) 9 (8) 45 (48)

lation of the AED.

on between the results obtained for caffeine and phenol le
n important conclusion regarding the adsorption mecha
he adsorption data are consistent with the relative retenti
henol and caffeine being caused by their exclusion from
tationary phase. It is at first surprising if not paradoxical
espite the solubility of caffeine (<36 g/L) in the methanol:w
olution (30:70, v/v) being much lower than that of phe
≡ 160 g/L), the bulkier, more hydrophobic caffeine molecu
ess retained than phenol. The isotherm data explain easil
trange phenomenon that linear chromatographic data c
ccount for. The contribution of the high-energy sites (qS,2b2)

o the overall retention of phenol and caffeine represents a
5 and 35% of the total retention, respectively. Even tho
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Table 4
Best isotherm parameters accounted for by the adsorption of caffeine on seven different brands of RP-C18 bonded HPLC columns from a mixture of methanol and
water (30/70, v/v)

Column Vydac Hypurity Symmetry Kromasil Luna Chromolith Discovery

Totalaporosity 0.66 0.71 0.59 0.61 0.63 0.84 0.72
qs,1 (mol/L) 0.33 (0.34) 0.79 (0.80) 0.74 (0.76) 0.82 (0.84) 0.95 (1.02) 1.03 (1.02) 2.15 (3.27)
b1 (L/mol) 2.69 (2.30) 2.27 (2.26) 2.64 (2.43) 2.84 (2.74) 2.57 (2.31) 3.16 (3.2) 1.49 (1.13)
qs,2 (mol/L) 0.02 (0.02) 0.05 (0.05) 0.03 (0.04) 0.05 (0.04) 0.06 (0.06) 0.05 (0.04) 0.02 (0.02)
b2 (L/mol) 52.5 (30.2) 20.6 (21.2) 26.3 (22.0) 27.0 (28.0) 24.0 (22.7) 35.4 (38.2) 39.6 (36.3)

qS,2
qS,1+qS,2

6% (7%) 6% (6%) 4% (6%) 5% (5%) 6% (6%) 5% (4%) 1% (0.7%)
b2
b1

20 (7) 9 (13) 10 (10) 10 (9) 9 (11) 11 (8) 45 (27)

The values in parenthesis are the isotherm parameters derived from the calculation of the AED.
a Derived from the injection of thiourea.

the retention contribution of the low-energy sites is larger for
caffeine than for phenol, this effect does compensate for the re-
duction of the contribution of the sites of type 2. The major differ-
ence is that caffeine cannot access as many type 2 sites as phenol
can. The larger size of the caffeine molecules causes their ex-
clusion from narrow adsorption sites located between randomly
coiled alkyl chains that may accommodate phenol molecules.

Obviously, the comparison of the adsorption data obtained
with different brands of RPLC packing materials shows qualita-
tive similarities (they have the same adsorption model, except for
Discovery for which the model is still similar), as we should ex-
pect from materials that are chemically quite similar. However,
there are significative differences in the values of the isotherm
parameters. These differences are not fully explained by differ-
ences between the physico-chemical characteristics of the bare
silica. Of critical importance for preparative purposes, the col-
umn capacity varies widely. The Discovery adsorbent shows an
exceptionally high saturation capacity and may warrant atten-
tion from those interested in sample preparation. Unfortunately,
the total saturation capacity is of modest importance compared
to the saturation capacity of the high energy sites[70,72]. These
sites fill first and, when they become saturated, retention de-
creases markedly causing the changes in peak profile associated
with column overloading[124].

5.1.2. Batch-to-batch reproducibility
sil-

C 6, an

E6436). These batches are the same as those studied earlier,
under linear conditions, by Kele[73]. The C18 derivatization
process and the endcapping process were carried out separately
on different batches of bare silica. The physico-chemical prop-
erties of the bare silica and the corresponding C18 derivatized
silica are given inTable 5. The accurate adsorption data were
measured by FA only on column E6019, for seven different chro-
matographic systems (different mobile phase compositions and
compounds) exhibiting several different isotherm shapes[74].
The best isotherm models were derived according to the method
described earlier (see Section2). A different method was used
to measure the adsorption isotherm with the columns of the five
other batches, for the sake of saving on the time and the chemi-
cals needed to obtain the data. The inverse method[37,75]was
used. Overloaded band profiles were recorded and used to esti-
mate the best parameters of the isotherm model that fitted the
data of the same system on column E6019. This method uses
the equilibrium-dispersive model of chromatography to calcu-
late chromatographic band profiles and optimizes the parame-
ters of the isotherm model to achieve the best possible agree-
ment between experimental and calculated band profiles. The
method relies on the assumption that the materials packing
the different columns are too similar for the isotherm model
to change from one column to the others. The differences be-
tween two columns will result only in numerical differences
between the isotherm parameters and, in the cases of columns
f ould
b

T
P

)

Isotherm data were acquired with columns of six Kroma
18 batches (batches E6019, E6103, E6104, E6105, E610

able 5
hysico-chemical properties of the 10 packed Kromasil-C18 columns (Eka)

Columns Bare silica batch
Particle
size (�m)

Particle size
distribution
(90:10, % ratio)

pore
size
(Å)

E6019 (I) 5.98 1.44 112
E6021 (II) 5.98 1.44 112
E6022 (III) 5.98 1.44 112
E6023 (IV) 5.98 1.44 112
E6024 (V) 5.98 1.44 112
E6103 (VI) 5.98 1.44 112
E6104 (VII) 5.98 1.44 112
E6105 (VIII) 6.03 1.38 112
E6106 (IX) 6.24 1.48 107
E6436 (X) 6.11 1.46 114
d
rom different production batches, these differences sh
e small.

Silica-C18 batch
Surface
area
(m2/g)

Na, Al, Fe
content
(ppm)

Total
carbon
(mass %)

Surface
coverage
(mmol/m2

314 11; <10; <10 20.00 3.59
314 11; <10; <10 20.00 3.59
314 11; <10; <10 20.00 3.59
314 11; <10; <10 20.00 3.59
314 11; <10; <10 20.00 3.59
314 11; <10; <10 19.65 3.51
314 11; <10; <10 19.85 3.55
322 15; <10; <10 20.00 3.50
333 23; <10; <10 20.60 3.52
313 15; 13; 14 19.80 3.55
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Fig. 12. Batch-to-batch reproducibility of the adsorption isotherm of phenol
(langmuirian isotherm) measured on six different batches of Kromasil-C18

bonded phases. Methanol:water, 45/55 (v/v),T = 295 K. Except for the batch
E6436, the level of reproducibility is very good.

We report here only the data characterizing the reproducibil-
ity of the adsorption isotherms of three compounds, one with a
convex upward isotherm (phenol, bi-Langmuir isotherm), one
with an S-shaped isotherm (propranolol, Moreau isotherm), and
one with a convex downward isotherm (ethyl benzene, BET
isotherm).Figs. 12–14show the isotherms of these three com-
pounds calculated with the optimized sets of isotherm parame-
ters for each of the six batches and the three compounds. The
reproducibility of the adsorption isotherm is excellent for five
out of six batches. The batch E6436 exhibits obvious but still
modest differences, with a lower saturation capacity than aver-
age for the five other columns (138 g/L versus 156 g/L for phe-
nol, 170 g/L versus 186 g/L for propranolol, and 156 g/L versus
176 g/L for ethyl benzene. There are no clear physical expla-
nations for this observation that would be consistent with the
physico-chemical parameters of the six columns (seeTable 5).
According to Felinger et al.[75], the reproducibilities of both
the saturation capacitiesqS and the equilibrium constantsb of
these isotherms is between 1.2 and 3% when the data for col-
umn E6436, considered as an outlier, are omitted. This degree of
reproducibility is remarkable given the complexity of both the
nonlinear phenomenon accounting for the propagation of high
concentration bands and the manufacturing process of porous
silica and its bonding. A similar degree of reproducibility was
observed for the isotherm models and parameters of aniline (Jo
vanovíc isotherm), caffeine (bi- Langmuir isotherm), and theo-
p ch-
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Fig. 13. Same as inFig. 12, except for the compound propranolol (S-shaped
isotherm) and the mobile phase composition (40% methanol, v/v).

reproducibility discussed above. The differences observed are
explained by the limitations of the reproducibility of the pack-
ing process (fluctuations of the exact column dimensions and
of the packing density[74,75]), not by the limited reproducibil-
ity of the bonded silica. The best isotherms calculated from the
isotherm parameters given by the inverse methods are shown in
Figs. 15–17for phenol, propranolol, and ethylbenzene respec-
tively. In this case, there were no outliers like in the previous one.
The column-to-column reproducibility, however, is not perfect.
The five columns packed with the same material have definitely
slightly different total porosities[74] after their packing with
the slurry method. The retention factors at infinite dilution are
also slightly different, suggesting slightly different phase ra-
tios. The standard deviations of the best isotherm parameters for
the column-to-column reproducibility were the same as those
found for the batch-to batch reproducibility[75]. This confirms
the high level of reproducibility of RPLC adsorbents (at least
for the C18-bonded Kromasil column). The main difference be-
tween columns originates in small fluctuations of the packing
density and of the tubing size that take place during the packing

F nti-
l l, v/v).
hylline (Tóth isotherm)[75]. We can expect comparable bat
o-batch reproducibility levels for the other manufactured bra
f RPLC columns.

.1.3. Column-to-column reproducibility
The reproducibility of the adsorption isotherms of phe

ropranolol, and ethyl benzene on five columns packed
he same batch of Kromasil-C18 packing material were com
ared. The isotherm data were measured using the sam
erse method as that used for the study of the batch-to-
-

n-
h
ig. 14. Same as inFig. 12, except for the compound ethylbenzene (a

angmuirian isotherm) and the mobile phase composition (80% methano
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Fig. 15. Column-to-column reproducibility of the adsorption isotherm of phenol
(langmuirian isotherm) measured on five different columns packed with the same
batch of Kromasil-C18 bonded material. Note the very good reproducibility level.

process, as suggested by the small column-to-column variations
of the hold-up times.

5.2. Monolithic columns

The reproducibility of the adsorption data obtained with a lot
of six new monolithic columns (Chromolith-C18, Merck, Ger-
many) was also measured. Monolithic materials have gained a
considerable interest in the last 5 years and they are now widely
accepted[76]. Their application for preparative HPLC applica-
tions is under intense study. The same method of column char-
acterization as that used for packed columns was applied[77].
With monolithic columns, it is not possible, however, to study
separately column-to-column and batch-to-batch reproducibil-
ities because of the characteristics of the manufacturing pro-
cess (there is only one column per batch). The results obtained
demonstrated that four of the six columns gave nearly identical
numerical values for the isotherm parameters, independently of
the nature of the compound studied and of the corresponding ad-

F ped
i

Fig. 17. Same as inFig. 15, except for the compound ethylbenzene (anti-
langmuirian isotherm) and the mobile phase composition (40% methanol, v/v).

sorption isotherm (convex upward, S-shaped, or convex down-
ward). For these four columns, the reproducibility was better
than 5 and 2.5% for the low and the high concentration over-
loaded band profiles. Two other columns gave different results,
with retention times between 6 and 15% larger and 2 and 7%
lower, respectively, than those obtained with the four similar
columns. The differences appeared to be correlated to differ-
ences in the column total porositiesεt of these six columns.
There is an average maximum absolute difference of 0.025 inεt

or a difference of about 35�L in the column hold-up volume.
This may be small but it is sufficient markedly to affect the repro-
ducibility of the retention properties of these columns. At this
stage, it is likely that the preparation of monolithic columns,
which are commercially available for only a mere 5 years, is
still somewhat less reproducible than that of the manufacturing
of packing materials[74]. Systematic measurements carried out
with a larger number of monolithic columns and more com-
pounds would be required to achieve a more precise insight
on the level of reproducibility of these new chromatographic
columns.

6. Heterogeneity of RP-C18 HPLC columns

Although all chromatographers realize that the surfaces of
packing materials are somewhat heterogeneous and that this de-
fect may explain numerous difficulties, the field has been graced
b em of
t and
a wers.
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ig. 16. Same as inFig. 15, except for the compound propranolol (S-sha
sotherm) and the mobile phase composition (40% methanol, v/v).
y far more spirited discussions that sound data. The probl
he heterogeneity of modern RPLC columns has intrigued
roused but has yet brought few sound, quantitative ans
here are no doubts that RPLC materials exhibit heterogen
urfaces, that the silica surface has embedded inorganic im
ies (e.g., aluminum, iron, boron, sodium), that it is rough d
o the molecular level, and that it is sprinkled with a finite den
f nefarious silanol groups. However, if attention has focuse

hese groups, little or no interest has been devoted to the str
f the bonded alkyl layer in connection with this surface het
eneity. Most cogent conclusions originate from the ana
f chromatographic data that were obtained at infinite dilu
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hence under linear conditions. Tests based on linear elution of
weak or strong basic compounds reveal high-energy sites of in-
teraction between these bases and the acidic silanol groups, lead-
ing to an excessively high retention (thermodynamic contribu-
tion) and/or to strong peak tailing (thermodynamic and/or kinetic
contributions). The slow kinetics of the desorption process from
these high-energy silanol sites has been the most widespread
physical interpretation of peak tailing in chromatography. It is
only recently that chromatographers begin to understand how
pervasive and obnoxious is the contribution of surface hetero-
geneity to elution profiles at low concentrations[70,72]. Yet,
this contribution is of thermodynamic origin.

Recent investigations based on the measurement of adsorp-
tion isotherms and on the appropriate treatment of these data
by calculating the AED of the surface (see Section2.2) have
brought up new insights and opened new lines of thinking regard-
ing the interpretation of peak tailing in chromatography[45,78].
Most importantly, it was demonstrated that it is extremely rare
in RPLC that a common, simple isotherm model (e.g., the Lang-
muir or Jovanovic isotherm models) can ever be applied to ac-
count for actual adsorption data (note that this statement is not
true for other modes of chromatography, e.g., normal phase, nor
for big molecules, e.g., proteins in RPLC).

Adsorption isotherm data of selected probes may provide a
quantitative measure of the heterogeneity of the surface of ad-
sorbents. These data can be fitted to isotherm models and can be
u e de
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on Kromasil-C18 from mixtures of methanol and water (45/55
and 30/70, v/v, respectively)[79]. The adsorption of both phe-
nol and caffeine can be well described using either a unimodal
isotherm model, the T́oth model[80,81], or a bimodal one, the
bi-Langmuir model[82]. The former isotherm has one rather
broad and unsymmetrical energy mode in its AED while the sec-
ond one has two very narrow modes that are well resolved. This
implies two quite different models of heterogeneity of the adsor-
bent surface that are not compatible. An independent approach is
necessary to choose between them, for example another method
of treatment of the adsorption data.

The calculation of the AED brings this new piece of infor-
mation. The AEDs obtained for caffeine and phenol are both
bimodal, which suggests to ignore the unimodal Tóth isotherm.
Conclusion on the heterogeneity of the surface is then straight-
forward. Both phenol and caffeine may adsorb on two distinct
types of sites that have quite different adsorption energies, each
of them nearly homogeneous. They do not adsorb on sites of a
single type having a continuous, somewhat broad energy distri-
bution, tailing toward the low energies. Obviously, this conclu-
sion has important implications regarding the adsorption mech-
anism of these two compounds and, more generally, regarding
retention mechanisms in RPLC. For example, it is noteworthy
that the difference between the adsorption energies on the two
types of sites is only about 5 kJ/mol. Although this difference is
important and will explain the poor overloading behavior of the
s
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ommon stationary phases based on the adsorption data f
eutral compounds, phenol and caffeine. These two compo
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nt sizes, the former containing one, the second two aro
ings. Because of their relatively high polarity (see Section3),
heir adsorption isotherms on C18-bonded silicas are always co
ex upward. Accordingly, the overall isotherm can be dec
osed into the sum of several elementary Langmuir isothe
ach single langmuirian contribution describes a distinct re
f the solid surface. The higher the number of Langmuir te

he higher the degree of heterogeneity of the bonded mate

.1. The necessity of calculating the AED

It is not unusual that the same adsorption isotherm dat
uired by FA fit both a unimodal and a multi-modal adsorp

sotherm model, both with reasonably large values of the F
oefficient. This leads to model indetermination. Yet, ther
ut one isotherm model that is physically correct. It may be
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tationary phase under slightly overloaded conditions[70,72],
t is small as far as molecular interactions are concerned
ikely that the physico-chemical nature of the interactions is
ame on both types of sites, 1 and 2. The difference is too
o be consistent with one type of sites corresponding to va

aals interactions (bonded alkyl chains and molecules of
ol or caffeine) and the other to strong ion-exchange interac
r to interactions with an isolated silanol group. Furtherm
ny hydrogen-bonding interactions with an isolated silano
ery unlikely because of the relative importance of the area
red with type 2 sites. According to the AED calculations,

ractional surface areas of these sites represent 23 and 2.
he total available accessible surface area of the adsorbe
henol and caffeine, respectively. Silanol groups probably c
lose to 23% of the adsorbent surface area after completi
he C18 derivatization and of the endcapping of the silica
ace. Using the results of NMR measurements, Scholten
83] showed that after the derivatization of the silica sur
ith dimethyl-octadecylsilane, 21% of the surface groups w
hielded silanols, 20% were free silanols, and 59% were alk

ane ligands. The endcapping process probably eliminates a
raction of the free silanols but leaves unaffected the shie
nes so that, after derivatization and endcapping, about 35
ilica surfaces is covered with shielded (hence unaccessib
nteractions with solutes) silanol groups, 5% being free sila
nd 60% of these surfaces is covered with octadecyl liga
ccordingly, the accessible silanol groups cannot accoun
3% of the adsorbent area after completion of the C18 deriva-

ization and of the endcapping of the silica surface. Final
ppears that type 2 sites are certainly size selective. The
affeine molecules can visit only one tenth of the sites to w
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the smaller phenol molecules have access. Size selectivity may
explain the difference in the relative abundance of the high-
energy sites for phenol and for caffeine.

Finally, it is important to observe that an AED is a charac-
teristic of both the surface studies and the probe. The features
of an AED do not directly mirror the surface heterogeneity of
the material. They depend on which aspects of the surface are
observed or probed. First, isotherm measurements and AED cal-
culations remain insensitive to any surface heterogeneity the size
of which is small compared to the dimensions of the molecules
of the probe solute because the interactions between the surface
and the probe molecule average out the effects of these small,
local heterogeneities. A heterogeneity of the electrostatic field
above the adsorbent surface is observed only if it affects the inte-
gral of all the interactions of the surface with the probe molecule.
The AED of an alkane will have far fewer distinctive features
than that of an amino acid (assuming that both can be acquired).
The true surface heterogeneity cannot be obtained by chromato-
graphic measurements, only the heterogeneity of the interactions
of several probe molecules with this surface can be. The AED
gives only a precise idea of the way in which the analyte inter-
acts with the surface, depending on the nature of the solute and
on the mobile phase composition. The degree of heterogeneity
of RPLC adsorbents can be compared only when using the same
probe molecule and mobile phases of similar composition. The
knowledge acquired is limited to the main interactions involved
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Resolve-C18and the endcapped Symmetry-C18and XTerra-C18,
all three manufactured by the same company, Waters (Milford,
MA, USA). The same mixture of methanol and water (25/75,
v/v) was used as the mobile phase. The abundance of isolated
silanols increases from XTerra-C18 (almost nonexistent, accord-
ing to reference[84]) to Symmetry-C18, and to Resolve-C18.
However, the adsorption behavior of phenol is almost the same
on these three different adsorbents. A bimodal energy distribu-
tion was found for all three adsorbents (Fig. 18). The best corre-
sponding parameters are given inTable 6. Qualitatively, the de-
gree of heterogeneity of these three adsorbents is identical. The
values ofb1 andb2 and their ratios are very close for the three ma-
terials (Table 6). We note, however, significant differences in the
degree of heterogeneity of the two types of sites. Symmetry has
certainly the narrowest modes for both types of sites. Their mode
in the AED being slightly wider, the high-energy sites of XTerra
are slightly more heterogeneous than those of Symmetry but the
low-energy sites are much wider, thus more heterogeneous. The
converse is true for Resolve. The saturation capacities of both
sites are lower on Symmetry than on the other two materials,
XTerra and Resolve, probably because of the lower total poros-
ity of Symmetry. The presence of non endcapped regions on Re-
solve does not affect the retention of phenol, probably because
these regions are preferentially covered by the polar molecules
of water or methanol. Some isolated silanols may be trapped
within the C18-bonded layer but they must remain inaccessible
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n the retention of the compound studied. In the next sec
e compare the results obtained with eight different brand
PLC materials using phenol and caffeine and the same so
f methanol and water.

.2. Comparison of the surface heterogeneity of various
ypes of C18-bonded columns

The AED of a probe on an adsorbent informs on whe
he adsorption model that accounts for the adsorption dat
unimodal or a multi-modal energy distribution and on the
tive homogeneity of the different adsorption sites locate

he surface studied. In the case studied here, the first r
howed that the adsorption of low molecular weight compo
n C18-bonded endcapped silica takes place on two distinct
f sites. This conclusion is valid for eight of the nine colum
tudied. This result should be checked on numerous other
ercial columns in order to find out what is its degree of ge
lity and whether there are exceptions that would inform b
n the nature of the different types of adsorption sites tha
e identified on these adsorbents.

We first discuss studies on the impact of the endcapping
ess after derivatization of the silica and on the morpholog
he solid support (monolithic or packed particles) on the su
eterogeneity of RPLC adsorbents. Then we compare th
rogeneity of various brands of modern endcapped C18-bonded
acking materials.

.2.1. Endcapped and non-endcapped materials
The adsorption isotherms of phenol and caffeine were

ured by FA and their AED calculated on the non-endca
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o the analyte which does not seem to be able to form stron
eractions with them. A fraction of 25–30% of the surface wh
an be in contact with phenol molecules is covered with h
nergy sites but the difference between the adsorption en
n the two types of sites is only about 5 kJ/mol. Accordin

t makes little difference for phenol whether the column is e
apped or not, which is consistent with phenol not being reta
n pure silica[45]. This molecule is not small enough to pro

he fine details of the surface heterogeneity induced by th
ence of endcapping. The size of the probe is not appropri
etect any differences between endcapped and non-endc
dsorbents.

In contrast (seeFig. 19), caffeine shows significant diffe
nces between the two types of adsorbent. Its AEDs on X
nd Symmetry are bimodal, like those of phenol, consistent

he bi-Langmuir model accounting well for the adsorption
f caffeine. On Resolve, however, the AED is tetramodal a

etra-Langmuir isotherm best describes the adsorption iso
ehavior of caffeine. The relative abundance of the high-en

ype 2 sites to the low-energy type 1 sites is far smaller for
eine than for phenol on all three stationary phases. It decr
n the same time as the size of the probe which suggests its
ion from sites that are more deeply located in the C18-bonded
ayer. Note, however, that the relative abundance of types 2
ites is higher on the non-endcapped Resolve (15% versus
% for Symmetry and Xterra). The endcapping certainly el
ates a significant fraction of accessible sites of type 2. The
triking result obtained is the apparition of two new high-en
ites in small and very small amounts, respectively, on Res
he energy difference,�E, between sites of types 1 and site

ypes 3 and 4 is about 10 and 20 kJ/mol, respectively. The si
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Table 6
Best isotherm parameters accounted for by the adsorption of phenol and caffeine on three different brands of RP-C18 bonded HPLC columns from a mixture of
methanol and water (25/75, v/v)

Column Probe solute

Phenol Caffeine

Resolve Symmetry XTerra Resolve Symmetry XTerra

End-capped No Yes Yes No Yes Yes
Totalaporosity 0.63 0.60 0.64 0.63 0.60 0.64
qs,1 (mol/L) 2.01 (2.01) 1.46 (1.41) 2.00 (2.00) 0.81 (0.81) 0.74 (0.76) 0.79 (0.79)
b1 (L/mol) 0.65 (0.67) 0.98 (0.73) 0.54 (0.52) 3.36 (3.72) 2.64 (2.43) 2.89 (2.75)
qs,2 (mol/L) 0.69 (0.67) 0.56 (0.65) 0.65 (0.68) 0.14 (0.11) 0.03 (0.04) 0.08 (0.09)
b2 (L/mol) 9.1 (9.4) 10.9 (7.0) 12.2 (10.9) 27.9 (33.6) 26.3 (22.0) 29.9 (25.4)

qS,2
qS,1+qS,2

26% (25%) 28% (32%) 25% (25%) 15% (12%) 4% (5%) 9% (10%)
b2
b1

14 (14) 11 (10) 10 (10) 8 (9) 10 (9) 10 (9)
qs,3 (mol/L) – – – 0.014 (0.011) – –
b3 (L/mol) – – – 237 (267) – –
qs,4 (mol/L) – – – 0.00030 (0.00028) – –
b4 (L/mol) – – – 13000 (13550) – –

The values in parentheses are the isotherm parameters derived from the calculation of the AED.
a Derived from the injection of thiourea.

type 3 do not seem to be due to strong interactions between either
isolated or free silanols and caffeine[45]. These sites are prob-
ably strongly hydrophobic sites on which the analyte is deeply
embedded in the layer of C18-bonded chains. The nature of the
adsorption sites of type 4 is subject to discussion. The high ad-
sorption energy on those sites suggests that strong interactions
take place, possibly with some isolated silanols within the hy-
drophobic layer. The number of sites of type 4 (0.30 mmol/L)
corresponds to a surface density of about 1 nmol/m2, a value
which may be consistent with residual, isolated silanols. How-
ever, such interactions are absent with the smaller analyte phe-
nol, which has a better access to these silanols but does not seem
to interact strongly enough with them. These high energy sites
contribute significantly to the retention of the compound. In the
case of caffeine, the contributions to the retention of each type
of site are nearly the same. Because of the very high energy and
very low capacity of the sites of type 4, there is an extensive peak
tailing at low concentrations, a tailing that is of thermodynamic
origin and that cannot be eliminated because linear behavior is
not yet achieved at the detection limit. This also explains why
the elution order of caffeine and phenol is reversed on Resolve,
on the one hand, and on XTerra and Symmetry, on the other.

As a result, it appears that caffeine is more suitable than phe-
nol to assess the degree of heterogeneity of the C18-bonded sur-
faces of non-endcapped materials. The endcapping of the adsor-
bent certainly helps to make the surface of the adsorbent more
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methanol concentration had to be decreased to 15% to achieve
a retention compatible with a sufficient accuracy of the FA data.
It has been shown that the methanol concentration does not
change the number of types of adsorption sites but essentially
affects the relative proportion and the adsorption energies of
these sites[85–87]. It was also shown that the relative abun-
dance of the high energy sites of the endcapped Kromasil adsor-
bent increases with decreasing methanol concentration while the
adsorption constant follows the linear solvation strength model
(LSSM) [86]. A similar result should be expected for Chro-
molith. Fig. 20 shows that the AEDs of phenol and caffeine
on Chromolith are trimodal and quadrimodal, respectively. The
lowest two energy modes appear to be the same as those observed
on classical packed columns (Figs. 18 and 19). They could cor-
respond to the adsorption at the interface between the solution
and the hydrocarbon layer and to the dissolution of the ana-
lyte inside the bonded layer, respectively. Despite the fact that
these columns are endcapped and derivatized with C18, much
higher energy sites are observed, with adsorption constants 80
and 1500 times larger than on type 2 sites. The particular mor-
phology of the Chromolith silica (monolithic columns are often
viewed as made of interconnected porous-silica cylinders[88]
while packed columns as interconnected porous spheres) may
lead to regions where the density of the bonded alkyl chains is
significantly different from that in other regions (e.g., on flat and
curved surfaces). This structure might favor the formation of a
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omogeneous, not only by removing a fraction of the nefar
ilanol groups, but also by smoothing out some of the rough
f the C18-bonded phase structure.

.2.2. Monolith and packed columns
The adsorption isotherms of phenol and caffeine and

orresponding adsorption energy distribution have also
easured on the endcapped C18-Chromolith adsorbents[78].
ecause of the very high total porosity of the column (ca. 0

here is a low amount of solid material in the column and
s
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ew new hydrophobic adsorption sites. However, the forma
f these new sites or of part of them may also be a conseq
f the reduction made in the methanol content of the mo
hase.

.2.3. Monomeric and polymeric columns
Monomeric phases have become by far the most po

PLC stationary phases. They can be obtained by reactio
onofunctional silane (e.g., an alkyldimethylchlorosilane) w

ilica to form a siloxane bridge between the organic and s
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Fig. 18. AEDs of phenol on non-endcapped (Resolve-C18) and endcapped
(XTerra-C18 and Symmetry-C18) stationary phases. Methanol:water, 30/70,
(v/v). Note the same bimodal AED for each column. Reproduced with per-
mission from[78] (Figs. 1A and 2A) and [69] (Fig. 4A). ©2003, American
Chemical Society.

moities. Depending on the degree of control of the reaction con-
ditions, it is possible to achieve a surface coverage of between
2.0 and 4.0�mol/m2 (seeTable 2). With these adsorbents, one
surface silanol is covalently bound at most to one alkyl chain,
which limits the bonding density to around 4.0�mol/m2. To
achieve higher chain densities, in order to prevent access of the
solute to the bare silica surface, to increase column stability,

Fig. 19. Same as inFig. 18, except for caffeine. Note this time the appearance
of two new adsorption sites with the non-endcapped column. Reproduced with
permission from[45](Figs. 6A and 8A) and [69] (Fig. 4B) ©2003, American
Chemical Society.

or to improve chromatographic selectivity, another method of
bonding alkyl chains to the silica surface is possible. Polymeric
phases are prepared from di- or tri-functional silanes. Their use
leads to higher chain densities but also to a more complex sur-
face chemistry. Because the silane reagent may either anchor
to the surface (Si–OH) or to another silane by hydrolyzation,
a polymeric network will form that extends out from the silica
surface.Table 2shows that the chain density of the polymeric
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Fig. 20. AED of phenol on the Chromolith-C18 adsorbent. Methanol:water,
25/75 (v/v). Note the higher degree of heterogeneity of monolithic column by
comparison to spherical packed columns (seeFigs. 18 and 19). Reproduced with
permission from[78] (Figs. 3 and 8).

phase Vydac is nearly twice greater that those of the monomeri
phases (5 versus an average of about 3.0�mol/L).

The results of the FA measurements and the isotherms ob
tained for phenol and caffeine (Tables 3 and 4) are quite sensi-
tive to this difference in the structure of the hydrophobic bonded
layer. The isotherms are still bi-Langmuir but the two saturation
capacities,qS,1 andqS,2, are much lower on the polymeric phase,
in part because of the lower specific surface area of the bare si
ica (70 m2/g versus an average of 280 m2/g for the monomeric
phases). Note, however, that the four-fold reduction in specific
surface area does not correlate well with the two-fold reduc-
tion in the saturation capacities. Polymeric phases offer a highe
density of interaction sites than monomeric phases (almost tw
times more) but their degree of heterogeneity is similar. Sites o
type 2 account also for about 30 and 6% of the total saturation
capacity for phenol and caffeine, respectively.

6.3. Monomeric endcapped packed C18-bonded columns

Tables 3 and 4give the best numerical values of the isotherm
parameters found for phenol and caffeine on Kromasil, Symme
try, Luna, Hypurity and Discovery (all C18-bonded, endcapped

silica packed columns). The mobile phase was the same solu-
tion of methanol and water in all cases (30/70, v/v). All the
adsorbents exhibit a bimodal AED for the adsorption of caf-
feine. Most exhibit also a bimodal AED for phenol, except for
two columns, Symmetry and Discovery, for which the AED is
trimodal, consistent with a tri-Langmuir isotherm model. The
degree of heterogeneity of the adsorbent is higher with phenol
than with caffeine. In two columns, a third type of adsorption
sites was identified and the abundance of the type 2 sites relative
to that of the type 1 sites is always larger with phenol (around
30%) than with caffeine (around 5%). Phenol seems to have
access to numerous small hollow cavities inside the hydropho-
bic layer which caffeine cannot penetrate. It has been shown
that the retention on the type 2 sites found on endcapped RPLC
columns is entropically driven[69]. This explains the striking
observation that the compound of the pair with the lower molec-
ular mass (94 g/mol versus 194 g/mol) and the larger solubility
in the mobile phase (>160 g/L versus <40 g/L) is the more re-
tained. The reversed order of elution would have been expected
in RPLC. This would take place if the high-energy sites were
absent and the surface were homogeneous (the average Henry
constant for all monomeric C18-bonded columns would then be
H1 = 1.0 and 2.0 for phenol and caffeine, respectively). Be-
cause the surface is heterogeneous and type 2 sites are present,
all predictions based on the hydrophocity and the solubility of
the analyte are doomed to failure. The reason is that smaller
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olutes can penetrate more deeply inside the more acce
mall cavities between the chains in the C18-bonded layer tha
arger ones. On the other hand, as was expected, the av
dsorption constants of caffeine on these phases are st

han those of phenol (b1 � 1.0 and 2.5 L/mol andb2 � 10 and
5 L/mol for phenol and caffeine, respectively). The differe

n retention does come from the different saturation capacit
he high-energy sites for the two compounds.

The separation mechanism of two simple analytes ca
ully understood from the accurate knowledge of the par
ters of their adsorption isotherms (i.e., the number of t
f adsorption sites, their saturation capacities and equilib
onstants). The acquisition of this knowledge usually req
hat isotherm data be measured at concentrations high e
o achieve the population of at least half the low-energy s
lthough half is still an empirical estimate, it is confirmed
ur experimental observations. For example, in the case o
dsorption of phenol on Kromasil[85], convergence of the E
ethod in the calculation of the AED failed when FA data
een acquired with a maximum concentration of 50 g/L in
olution, leading to a surface coverages of 0.46 and 0.42 fo
wo highest data points. When additional measurements
ade with concentrations up to 100 g/L, corresponding to

ace coverages of 0.57 and 0.51 for the two highest data p
onvergence of the AEDs was easily achieved, using the
umber of energy grid points and the same number of itera
y contrast, the simple injection of low concentration sam
an only shed some light on the overall retention of the ana
iving merely

∑
qS,ibi. This number does not inform at all

he possible number of distinct types of adsorption sites o
urface,i, nor on the differences between their properties
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a consequence, conclusions based on the mere consideration of
retention factors, however big the data base used, are not mean-
ingful.

6.4. “Supersites” of adsorption in RPLC

The adsorption behavior of the small analytes commonly used
to study retention mechanisms is definetely not taken into ac-
count by a simple adsorption isotherm model assuming ideal ad-
sorption on a homogeneous surface. That there are at least two
different types of adsorption sites on RPLC surfaces is demon-
strated by FA measurements.Table 7lists the differences be-
tween the adsorption energies of the sites of types 2 and 1. Except
for Discovery-C18 (�E � 8 kJ/mol for caffeine), these energy
differences are strikingly close, whatever the brand of adsorbent
considered, around 5–6 kJ/mol. Undoubtedly, these two types of
sites are directly related to the C18-bonded layer heterogeneity
because of the very large number of these sites. For instance,
Table 7reports the surface concentration of the adsorbed ana-
lyte when the sites of type 2 are saturated. Using the small com-
pound phenol, the surface concentration varies between 1 and
2�mol/m2. With caffeine, this concentration drops to between
0.05 and 0.20µmol/m2 because of the size exclusion of caffeine.
Such a high surface concentration of phenol shows that type 2
sites cannot be residual silanols. There cannot be that many left
after endcapping. A mixed retention mechanism occurs then be-
t l, ca
f herm

is convex upward (propranolol[45,128–131], nortryptiline[70],
amytryptiline[71], naphthalene sulfonate[130]).

In addition to those sites on which the interaction of the sur-
face with the analyte is based on dispersive interactions, higher
energy sites can be encountered depending on the nature of the
stationary phase, the mobile phase and the solute. These sites
have a much lower density than the two sites aforementionned.
Their adsorption energies are much higher (up to 20 kJ/mol) and
it is not clear whether the corresponding solute-surface interac-
tions are still based on dispersive interactions or are strong elec-
trostatic interactions.Table 8lists the different chromatographic
systems that lead to at least three different types of adsorption
sites. Note that for a RP-C30 stationary phase, the difference
in adsorption energy between sites 2 and 1 is larger than with
C18-bonded phases (about 9 kJ/mol versus 5 kJ/mol). Typically,
the adsorption energy is between 15 and 20 kJ/mol higher on
sites of types 3 and 4 than on the lowest energy sites of type 1.
These “supersites” may exist on conventional RPLC columns.
As shown inTable 9, the concentration of sites of types 3 and
4 may vary between 5 and 700 nmol/L, and between 0.4 and
10 nmol/L, respectively. Some supersites of type 3 have a den-
sity close to that of type 2 adsorption sites. The solute-surface
interactions on these sites involve dispersive interactions, the so-
lute being probably entirely embedded in the C18-bonded layer.
All “supersites” of type 4 could reasonably be explained by the
non-endcapped residual silanols that are embedded inside the
b ir ad-
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able 7
dsorption energy difference between the sites of types 1 and 2 and surf

Column (bonding process) MeOH/H2O Compound

Hypersil C18 (monomeric) 30/70 Phenol
Caffeine

Kromasil C18 (monomeric) 30/70 Phenol
Caffeine

Phenomenex C18 (monomeric) 30/70 Phenol
Caffeine

Symmetry C18 (monomeric) 30/70 Phenol
Caffeine

Chromolith C18 30/70 Phenol
Caffeine

Vydac C18 (polymeric) 30/70 Phenol
Caffeine

Xterra C18 (monomeric) 25/75 Phenol
Caffeine

Discovery C18 (monomeric) 30/70 Phenol
Caffeine

Resolve C18 (monomeric) 25 (MeOH)/75 Phenol
Caffeine
Gemini C18 (monomeric) 30/70 Phenol
Caffeine 5

Sunfire C18 (monomeric) 30/70 Phenol
Caffeine 5
f-onded layer, based on their relative abundance and the
orption energy. These sites deserve a particular attention

ensity of adsorbed analytes when the sites 2 are saturated

− E1 (kJ/mol) Surface concentration
sites 2 (�mol/m2)

Reference

5.8 1.80 [69]
.4 0.13

5.3 1.00 [69]
.5 0.07

5.6 1.04 [69]
.5 0.07

5.9 0.83 [69]
.6 0.05

.5 1.10 [69]
.9 0.07

4.6 2.09 [69]
.3 0.14

7.6 1.85 [69]
.7 0.23

9.2 2.07 [113]
.0 0.05

6.5 1.72 [45]
.4 0.35
4.9 1.09 [138]
.4 0.08

5.0 0.73 [138]
.5 0.06
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Table 8
Adsorption energy difference between the sites of type 2, the “supersites” of types 3 and 4, and the lowest adsorption energy sites 1

Column (bonding process) organic/H2O Compound E2 − E1 (kJ/mol) E3 − E1 (kJ/mol) E4 − E1 (kJ/mol) References

Chromolith C18 15 (MeOH)/85 Phenol 6.5 9.2 – [78]
Caffeine 4.3 7.5 13.5

Symmetry C18 (monomeric) 20 (MeOH)/80 Phenol 6.7 11.2 – [105]
Resolve C18 (monomeric) 25 (MeOH)/75 Caffeine 5.4 10.5 20.0 [45]
Discovery C18 (monomeric) 30 (MeOH)/70 Phenol 9.2 12.8 – [113]
Prontosil C30 (polymeric) 30 (MeOH)/70 Phenol 7.0 15.6 – [137]

Caffeine 7.4 13.8 20.5
Propranolol 9.5 15.9 21.3
Naphthalene sulfonate 10.7 15.1 –

Discovery C18 (monomeric) 28 (ACN)/72
phosphate buffer 20 mM, pH 2.7

Nortryptiline 14.1 18.3 [68,69]

Amytryptiline 12.0 16.6

the elution of positively charged analytes is attempted in the ab-
sence of buffer or of supporting salts that could otherwise be
used to neutralize them.

RPLC adsorbents present on their surface low energy, dis-
persive sites and our measurements show that these sites are of
two types. Their density depends on the size of the molecules of
the analyte studied but remains of the order of a few�mol/m2

for the sites of type 1 and between 0.1 and 1�mol/m2 for the
sites of type 2. Higher energy sites or supersites are also de-
tected and their density varies between 0.5 and 50 nmol/m2. It
is very likely that they are related to accessible silanol groups
that remain after the C18 derivatization process. The adsorp-
tion energy on those supersites is systematically of the order of
20 kJ/mol higher than on type 1 sites. This energy is compatible
with dipole–dipole interactions, hydrogen-bond interaction, and
ionic exchange interactions.

6.5. Could the heterogeneity of RPLC adsorbents be
controlled?

Manufacturers of columns and packing materials have made
considerable progress since the inception of RPLC and are pro-
ducing stationary phases that are far more reproducible now that
20 years ago. They keep investing and developing new columns

and materials in a highly competitive market. However, they
keep using commonly accepted tests to assess and prove the
quality of their new products. Some of these tests remain highly
relevant, for instances, those testing for the long-term stabil-
ity of analytical retention in adverse conditions of temperature,
pressure, pH, solvents or for the presence of heavy metals. The
selectivity tests dealing with the hydrophobic and the steric se-
lectivity, and with the retention of basic compounds certainly
keep their usefulness. Many such tests are available[89,90]
that allow manufacturers to guarantee, with a certain degree of
confidence, that a good level of performance will be achieved.
Things become more difficult when they want to prove that their
columns do exhibit a very low degree of tailing, particularly for
the elution of basic compounds. Most often, interactions with
residual silanols, their high energy and the assumed correlative
slow kinetics of desorption from the surface remain as they were
40 years ago, the weeping boys, the reasons given by conven-
tional wisdom for the peak tailing of analytes. The essential
heterogeneity of the C18-bonded layer has remained ignored in
spite of numerous experimental studies pointing the other way.
The failure of silanol eradication to deliver phases on which ba-
sic compounds would not tail is illustrated by the properties of
Xterra on which the density of silanols is extremely low. Yet our
results demonstrate that this stationary phase is nearly as hetero-

T
S s” ob

s

able 9
urface densities of adsorbed analytes at the saturation of the “supersite

Column (bonding process) organic/H2O Compound

Chromolith C18 15 (MeOH)/85 Phenol
Caffeine

Symmetry C18 (monomeric) 20 (MeOH)/80 Phenol
Discovery C18 (monomeric) 30 (MeOH)/70 Phenol
Resolve C18 (monomeric) 25 (MeOH)/75 Caffeine
Prontosil C30 (polymeric) 30 (MeOH)/70 Phenol

Caffeine
Propranolol
Naphthalene sulfonate

Discovery C18 (monomeric) 28 (ACN)/72
phosphate buffer 20 mM, pH 2.7

Nortryptiline

Amytryptiline
served in RPLC

Surface concentration
supersites 3
(nmol/m2)

Surface concentration
supersites 4 (nmol/m2)

Reference

350 (dispersive) – [78]
230 (dispersive) 6(supersite)

690 (dispersive) – [105]
100 (dispersive) – [113]
40 (supersite) 0.8(supersite) [45]
5 (supersite) – [137]

7 (supersite) 0.43(supersite)
20 (supersite) 2(supersite)

17 (supersite) –
4 (supersite) – [70,71]

11 (supersite) –
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geneous than silica-based RPLC materials. If high-energy sites
were entirely eradicated, the saturation capacity of the packing
material would be a few hundred times higher, a blessing for
analysts looking for trace compounds.

The in situ observation of the local heterogeneity of the sur-
face, at the scale of the C18 chains could conceivably be made
using modern mapping techniques (e.g., amplified force mi-
croscopy or AFM). This approach is made difficult by the rough-
ness of the silica surface, down to the silicate ion level. Results
obtained on silica plates are notoriously difficult to generalize to
porous silica adsorbents. Solid-state NMR measurements were
developed to study the heterogeneity of organic polymers and
the relative mobility of their chains in the bulk[91]. This method
has shed useful light on the chain conformation in the hydropho-
bic bonded layer and on the structural organization of these
chains[92]. Albert et al. has shown that, typically, the alkyl
chains assemble in domains in which they have one of two main
arrangements, one of high relative mobility (mainly made of
chains in the gauche conformation), and one of low relative mo-
bility (mainly made of alkyl chains in the trans conformation)
[93–95]. Fluorescence spectroscopy provides another sensitive
approach to assess the effect of the bonded phase structure on
the partitioning and the mobility of analytes[95]. It was shown
that the higher the water content in acetonitrile:water mixtures,
the longer the fluorescence lifetime of 1,6-diphenylhexatriene
(DPH) embedded within various C22-bonded stationary phases
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and different challenges to improve the methods of preparation
of hydrophobic surfaces. Different compromises will have to
be found between the degree of surface heterogeneity of new
materials and their various chromatographic properties (e.g., re-
tention, selectivity, efficiency, peak asymmetry at low concen-
tration). A completely homogeneous support may not be the
chromatographic material performing best under all conditions.
Yet, detailed investigations of the separation of amytriptylline
and nortriptyline illustrates how much the heterogeneity of the
bonded layer of alkyl chains impair the performance of analyti-
cal and preparative chromatography alike[70].

7. Experimental conditions and adsorption isotherms of
neutral compounds

Analytical chemists are always looking for better optimiza-
tion of the experimental conditions of their separations. In anal-
ysis, optimization is the search of an optimum compromise be-
tween a complete resolution of the compounds of interest and a
short analysis time. One approach to do that consists in acquiring
the smallest possible amount of experimental data that span the
useful part of the available range of the experimental parameters
involved. Then, using a dedicated chromatographic software,
the experimental parameters are optimized to satisfy the objec-
tive function selected. A profoundly different approach consists
in understanding the fundamental effects of the variations of
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nterface with the solution.
The results of systematic investigations using spectros
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ethod provides the analyst with the possibility to predict

urately the changes caused to a separation by an adjustm
he experimental parameters. The advantage of the latter m
ver the former one is that it does not blindly ignore the fun
entals of adsorption. Temperature, average column pre
obile phase composition, and the nature of the organic m

er used in RPLC are usual experimental parameters that
atographers routinely modify. The impact of these chang

he retention and separation of analytes in RPLC can be i
igated easily.

We discuss in this section the influence on adsorption
easured by FA of changes in the experimental parameter

tudy of these changes provides useful conclusions regardi
elationship between adsorption isotherms and retention m
nisms.

.1. Effect of pressure

The pressure or the average column pressure is a para
hat chromatographers usually do not care much about. Th
ore that pressure has an effect on the equilibrium betwee
obile and the stationary phases. Furthermore, until rec

hey could not control it because detector cells could not w
tand any significant pressure. Now, many do. However, th
rage column pressure depends on the flow rate applied,

emperature (through the viscosity of the mobile phase),
n the permeability of the column. Hence, pressure is ofte
onsidered as an experimental parameter. Actually, howe
orrect isotherm determination requires that the average co
ressure be known[96]. Because the effects of pressure are
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ear, the isotherm measured for a given average column pressure
is identical to the isotherm measured at a constant pressure equal
to that average pressure.

Classical thermodynamics[97,98]provide a simple relation-
ship between the retention factork

′
and the local pressure, at

constant temperature of the system:(
∂ ln k

′

∂P

)
T

= −�V

RT
+
(

∂ ln φ

∂P

)
T

(26)

where�V is the difference between the partial molar volumes
of the solute in the two phases,φ the column phase ratio, andT
is the temperature.

In most cases in RPLC,�V is negative, the partial molar
volumes of the solute in the stationary phase is smaller than
in the mobile phase, and the retention factor increases with in-
creasing pressure. The fact that�V is negative means that the
conformation of analytes is more compact in the hydrophobic
environment of the bonded layer than in the mobile phase. It is
important to underline that in Eq.(26), it is the absolute, not the
relative, molar volume change associated with the equilibrium
that figures in the relationship. The higher the molecular mass
of the analyte, the larger its molar volume, hence, the larger
�V (in broad general terms; minor deviations are possible). For
instance,�V is of the order of−10, −50 and−100 mL/mole
with low-molecular-mass molecules such as phenol derivatives
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7.2. Effect of temperature

The effect of temperature on the distribution of analytes at
infinite dilution between the stationary and the liquid phases is
well known. The Van’t Hoff equation relates the retention factor
and the temperature:

ln k
′ = −�H

RT
+ �S

R
+ ln φ (27)

Obviously, the Van’t Hoff equation assumes that there is a single
adsorption mechanism (hence that the surface is homogeneous).
The plot of lnk

′
versus 1/T is linear only if the associated ther-

modynamic parameters,�H and�S, are invariant with tem-
perature changes. However, these assumptions are not likely to
be fulfilled in RPLC. First, it was shown that these stationary
phases are heterogeneous (see Section7). Secondly, it is known
that the structure of the alkyl bonded chains changes somewhat
with temperature. Despite this, a majority of the plots of lnk

′

versus 1/T found in the literature are linear or nearly so. This
may be because the temperature ranges investigated are not wide
enough, given the relatively small difference between the values
of �H corresponding to the sites of types 1 and 2.

Although a considerable amount of data is available in lin-
ear chromatography, few data have been published in nonlinear
chromatography, so we do not have much information to as-
sess the temperature influence on the saturation capacities and
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99] or thiourea used as a dead column tracer[43], with medium
olecular-mass peptides such as bradykinin and kallidin[100],
nd with macrobiomolecules such as insulin[101–103], respec

ively.
Liu et al. [103] measured the influence of the average

mn pressure on the isotherm of insulin on a C8-bonded silica
tationary phase. These authors found that the isotherms fi
o a Langmuir model, suggesting that molecules of the siz
nsulin (MW � 6000 Dalton) do not see the adsorbent sur
s heterogeneous. Interestingly for preparative chromatogr

he saturation capacity of the column increases significantly
ncreasing average column pressure (by ca. 20% for an inc
f 200 bar. This could provide a useful (but costly) increas

he production rate.
Most importantly, these few examples demonstrate the

essity of measuring the adsorption isotherms at a contr
verage column pressure, at least for large molecules. Very
esearch work has been carried out so far, however, to asse
ffect of ultra-high pressures (up to a few kilobar) on reten
echanisms in RPLC. Increasing the pressure from 0 to 200

ypically increases the retention factors and the column sa
ion capacity by 100 and 20%, respectively, for biomolecu
ince the effects of pressure tend to be linear in the rang

o a few kilobar, it should be no surprise if retention fact
olumes, and times, resolution and even retention patter
iomolecules are widely affected by a change in mobile p
ow rate. While those who keep ignoring pressure effect
etention mechanisms will keep getting confusing results
nexpected difficulties in method development, those kn
dgeable in physical chemistry will have great opportuni
uch work remains to be done in this area.
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he equilibrium constant of adsorption isotherms. A prelimin
tudy has recently investigated the temperature influence o
dsorption isotherm of phenol on Kromasil-C18 [104]. Useful
ualitative information was derived but more data need t
cquired to allow the drawing of general conclusions. As sh
arlier in this review, the adsorption isotherms of phenol on
asil are best described by a bi-Langmuir isotherm (with
arameters,qS,1, b1, qS,2, andb2). The FA isotherm data lead
saturation capacityqS,1 (low-energy sites) that decreases
factor 2 when the temperature increases from 298 to 3

n contrast, the equilibrium constantb1 was little affected b
his 50◦C change. Conversely, the saturation capacity o
igh-energy type of adsorption sites,qS,2, remains practicall
onstant in this temperature range while the equilibrium
tant,b2, drops by a factor 4. This suggests that the structu
he first type of sites, the top of the C18-bonded chains, is n
ffected by temperature.b1 remains constant probably beca
f a compensation between the classical temperature effec
q. (8)) and the increase in contact area between the inc

ngly disordered chains and the analyte. The number of
nergy sites is poorly affected, sob2 experiences the expect
ecrease with increasing temperature because the surfac
f contact between the analyte and the hydrophobic layer c

ncrease. An adsorption energy of about 15 kJ/mol was de
n the sites of type 2.

Another study quantified the effect of temperature on
quilibrium constant of the analyte on the highest energy sit
ymmetry-C18 in a methanol:water solution (25/75, v/v)[105].
ig. 21A shows the evolution of the overloaded band pro
f phenol on Symmetry with increasing temperature. The
alues of the equilibrium constants were derived for each
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Fig. 21. (A) Overloaded band profiles of phenol recorded on the Symmetry-C18

column for seven different temperatures. Methanol:water, 20/80 (v/v). (B) Evo-
lution of the best estimated equilibrium constant of the highest energy site (b3)
vs. the reciprocal temperature from low (triangles) and high (squares) loading
bands. Same experimental conditions as in (A). Note the linearity of the plot in
agreement with the classical Van’t Hoff law. The derived adsorption energyε3

is 11.5 kJ/mol, a typical enerfy for hydrophobic interactions. Reproduced with
permission from[105] (Figs. 3A and 4).

perature, using the inverse method of isotherm determination
The plot of the logarithm of the adsorption constant on the high-
est energy sites (type 3),b3, versus the reciprocal of the tem-
perature is linear and follows Eq.(8) (Fig. 21B). This result
permits the determination of the absolute adsorption energy,ε3,
on these sites. It is 11.5 kJ/mol larger thanε1 on Symmetry. This
energy is still well in the range of hydrophobic interactions and
is markedly too small to correspond either to the formation of
hydrogen-bonding or to dipole–dipole interactions (for which
�H � 20–25 kJ/mol). As suggested in Section6 on the hetero-
geneity of modern RPLC columns, the high-energy sites canno
be correlated to any interactions taking place between residua
silanols and the analyte. As expected, the density of the high
energy adsorption sites is not much affected by temperature.
decreases only slightly, at a rate of−0.26 g of phenol per liter of
Symmetry adsorbent per◦C. Typically, an error in the tempera-
ture of the order of 1◦C affects the equilibrium constant and the
saturation capacity of a low-molecular mass compound on the
high-energy sites by about 1.5%[105].

7.3. Effect of the mobile phase composition

There are few examples demonstrating the effect of changes
in the mobile phase composition on the values of the parameters
of the adsorption isotherm[106,107,85]. Quantitative informa-
tion has been derived from the adsorption behavior of phenol on
Kromasil from aqueous solutions of methanol having from 0 to
60% methanol, v/v[85,86]. The variations of the best parameters
of the bi-Langmuir model are shown inFig. 22. As suggested
by the linear solvation strength model (LSSM), the equilibrium
constantsb1 andb2 decrease with increasing methanol concen-
tration and their logarithms are linear functions of the molar
fraction ϕ of methanol in the mobile phase. The evolution of
the density of adsorption sites available for phenol is informa-
tive. The quantity of low energy sites in the column remains
nearly constant while that of the high energy sites decreases sig-
nificantly with increasing methanol concentration. Because the
C18-bonded chains are more easily solvated at high methanol
concentrations than in a water-rich mobile phase, the bonded
layer swells and gets more disorganized in contact with a water-
rich mobile phase. The gauche conformation of the C18 chains
becomes more predominant and additional hydrophobic cavi-
ties are formed in the hydrophobic layer. Conversely, when the
methanol concentration in the mobile phase exceeds 70%, a ma-
jority of the alkyl chains are in the all-trans conformation, the
high-energy sites tend to disappear, and Kromasil-C18 behaves
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s an adsorbent with a nearly homogeneous surface. Thi
omenon seems rather general; for instances, Dorsey et al[108]
nd Carr et al.[109] argued that the use of 3%n-propranol a
constant component of the mobile phase virtually elimin

eequilibration following gradient elution. One possible in
retation of this observation is that most of the high-energy
re blocked by this solvent.

In order to confirm these observations regarding the evol
f the isotherm parameters when the mobile phase compo
hanges, gradient elution chromatography was performed o
ame column and with the same analyte[87]. The resulting over
oaded band profiles were compared to those calculated fro
D model, with the isotherm model obtained. Consistent

he experimental results presented above, it was assumed t
aturation capacityqS,1 remained constant, thatqS,2 decrease
inearly with increasing methanol fraction in the mobile ph
, and that the equilibrium constantsb1 and b2 followed the
SSM behavior. The general adsorption isotherm is writte

ollows

∗(C, ϕ) = q1,0
b1,0 exp(−Sb1ϕ)C

1 + b1,0 exp(−Sb1ϕ)C

+ (q2,0 − Sq2ϕ)
b2,0 exp(−Sb2ϕ)C

1 + b2,0 exp(−Sb2ϕ)C
(28)

here the subcripts 1 and 2 refer to the low- and the high-en
ites, respectively,q1,0 is a constant,b1,0 andSb1 are the intercep
nd the slope of the plot of ln(b1) versus the methanol fractio
, respectively,q2,0 andSq2 are the intercept and the slope of
lot of qS,2 versusϕ, respectively, andb2,0 andSb2 are the inter
ept and the slope of the plot of ln(b2) versusϕ, respectively. Th
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Fig. 22. Evolution of the best isotherm parameters of phenol, (A) saturation
capacities, (B) equilibrium constants, on the Kromasil-C18 adsorbent vs. the
methanol content in the mobile phase. The parameters were derived from FA
measurement, except for the mobile phase with pure water (FACP). Note that the
equilibrium constants follow well the LSSM model and the saturation capacity
of the high energy sites decreases rapidly with the methanol content. Reproduced
with permission from[87] (Fig. 1).

best values of the numerical parameters of this general isotherm
are given in ref.[87].

Fig. 23shows the excellent agreement observed between the
calculated and experimental band profiles. This agreement con-
firms the validity of the adsorption isotherm model and supports
the mechanism of phenol adsorption on C18-bonded phases that
is proposed.

The concentration of the organic modifier affects the de-
gree of heterogeneity of reversed-phase stationary phases. This
demonstrates that the organic modifier affects the structure of
the bonded alkyl layer and that the changes in the structure o
this layer affect the properties, and particularly the density, of
the high-energy adsorption sites. When the mobile phase ha
a high water concentration, the retention factors of analytes in
crease because their solubility decreases and because the den
of high-energy sites increases. Furthermore, this increase is a
companies by an aggravation of the degree of tailing of the band
that are overloaded for lower and lower sample amounts[85].
The apparition of new, higher energy adsorption sites is some
times the consequence of the use of a mobile phase having

Fig. 23. Validation of the general adsorption isotherm with the mobile phase
composition by comparing experimental and simulated band profiles acquired
under gradient elution conditions. Injection of a 40 g/L solution of phenol dis-
solved in pure water during 2 min. Flow rate, 1 mL/min; gradient times, 40 min;
gradient step, 0–50% methanol. Reproduced with permission from[87] (Fig. 8).

high water content. This effect was observed on Symmetry. The
AED of phenol is bimodal and its isotherm follows bi-Langmuir
isotherm behavior with 30% methanol[69] but the AED be-
comes trimodal and the isotherm a tri-Langmuir one with 20%
methanol[105].

7.4. Effect of the nature of the organic modifier

Organic modifiers are used to adjust the solubility of the sam-
ple components in the mobile phase. They are classified accord-
ing to their strength. When the elution time of an analyte is
too long, it can be reduced either by increasing the concentra-
tion of the organic modifier or by replacing it with a stronger
one. For instance, isopropanol is stronger than ethanol, which is
stronger than methanol. Acetonitrile is known to be a stronger
eluent than methanol. It is often used to elute large molecular-
size compounds such as biomolecules. Still, results on the rel-
ative strength of organic modifiers are based on data collected
upon the injection of infinitesimal amounts of probe analytes
and are related to linear chromatography. These data inform
on the apparent equilibrium constant between the two phases
of the chromatographic system. They are silent regarding the
saturation capacities. There is practically no data available in
the literature which compares the isotherms of a compound on
the same C18-bonded stationary phase with methanol:water and
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cetonitrile:water mobile phases.
Acetonitrile and methanol have quite different phys

hemical properties. The structures of their aqueous solu
iffer markedly. Among other differences, methanol and w
olecules associate readily through hydrogen-bonding int

ions[110]while acetonitrile molecules form clusters with ot
cetonitrile molecules and interact little with water molecu
he adsorption behavior of acetonitrile and methanol on R
aterials is also fundamentally different. The measureme

he excess isotherms of methanol and acetonitrile on C18-bonded
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phases has shown that the former forms an adsorbed monolayer
while the second forms a multilayer adsorbed system contain-
ing usually 3 to 5 monolayers. Accordingly, the pure acetonitrile
multilayer at the surface of RPLC adsorbents is considered by
certain authors as a “third phase,” in equilibrium with the bulk
mobile phase (acetonitrile:water) and the C18-bonded layer. Ac-
cording to these authors, the solutes would take part into two
equilibria, one between the bulk mobile phase and the adsorbed
layer of pure acetonitrile, the other between this acetonitrile layer
and the C18 chains. Based on this description of the equilibrium
system, the retention factors of neutral compounds[111] and of
ions [112] were predicted and the predicted values match well
with the experimental data.

A recent study demonstrated that the adsorption behavior of
neutral compounds on the same RPLC columns differs funda-
mentally whether methanol or acetonitrile are used as the organic
modifier [113]. While the curvatures of the isotherms of phe-
nol and caffeine are always convex upward or langmuirian with
methanol, the shape of these isotherms changes at high solute
concentrations when the organic modifier is acetonitrile. The
best adsorption models were a bi- and a tri-Langmuir isotherm
for phenol and caffeine with methanol (isotherm of group I), and
the sum of a Langmuir and a BET isotherm models (isotherm of
group I + isotherm of group II) with acetonitrile (SeeFig. 24).

It is striking to observe that the amount of solute adsorbed
from a solution of given concentration is lower at low concen-
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8. Experimental conditions and adsorption isotherms of
ionizable compounds

The analysis of ionizable compounds is of great importance
in the biochemical, biomedical, pharmaceutical, and environ-
mental fields. RPLC is the method most frequently applied to
purify and analyze this class of compounds. It requires the se-
lection of an organic modifier and of either supporting salts or
buffers, in order to fix the pH and the ionic strength of the mobile
phase. While we understand now rather well the thermodynam-
ics of phase equilibria involved in the separation and purifica-
tion of neutral compounds in RPLC, the same is not true yet for
ionizable compounds. Two different types of mechanisms are
currently proposed in the literature.

• (1) A first mechanism is based on an electrostatic description
of the equilibrium system. The formation of a double layer
at the solid–liquid interface[114] and repulsive interactions
between the charged surface (zeta potential) and the analyte
[115–117]are proposed to account for the adsorption of ions.
In these electrostatic models, the ionic strength of the solution
is a critical parameter, not the nature of the supporting salts
or of the buffer.

• (2) A second type of mechanism takes into account the pos-
sibility for ions to be involved in an association equilibrium
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rations with an acetonitrile-based than with a methanol-b
obile phase (consistent with the solute being eluted e
ith acetonitrile) and higher at high concentrations. In o
ords, the adsorption isotherms from methanol and from

onitrile solutions cross each other. Accordingly, it makes
ense to say that acetonitrile is a stronger eluent than met
hat is true at low solute concentrations is false at high

entrations. We suggest that, at low concentrations of th
ute, its retention depends essentially on its distribution
ween the adsorption sites that are located within the C18-bonded
ayer (and constitute the highest energy sites) and the othe
hases, the aqueous methanol bulk phase and the adsorb
rs of acetonitrile or "third phase". In this range, the isoth

s convex upward. At high concentrations, when the ads
ion sites are saturated, the solute accumulates in the ads
ultilayer of acetonitrile where its concentration increa

aster than in the mobile phase. The isotherm becomes c
ownward.

The nature of the organic modifier affects considerably
omposition of the interface layer and has profound co
uences on the adsorption mechanism of analytes. Becau
rganic modifier may accumulate on the C18-bonded phase, th

nterface between the bonded chains and the bulk mobile
as a composition and a dimension that may differ mark

rom one modifier to the next. This interface controls the am
f compound that can be adsorbed and may change consid

he saturation capacity of a column. More data are required
icularly data acquired with other organic modifiers (e.g.,
ropanol, tetrahydrofuran) to draw more general conclus
egarding the effect of the organic modifier on the adsorp
echanisms in RP-HPLC.
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with any counter-ion present in the solution[118–121]. Ion-
pairing may take place in the mobile phase and the adsor
behavior of one particular ion will depend on the ads
tion equilibrium of all the forms in which it may be involve
(either free or as ion-pair complexes) on the solid surf
Because the molecular exchange between the free so
ion and the complexes in which the ion may be involve
extremely fast compared to the characteristic time of m
transfers in chromatography, only one peak or overlo
band is observed. The problem can then be treated a
neutral compounds, provided one keeps in mind that the
uration capacities and the binding constants derived from
data are actually values averaged over the contributio
all the species (free and complexed ions) in which the c
pound studied is involved. Under these assumptions, the
strength and the nature of the buffer or salt molecules are
ical factors in the adsorption mechanism of ionizable c
pounds. The special case of the adsorption of ionizable
pounds in the absence of buffer or supporting salt will als
discussed.

.1. Absence of buffer and supporting salts

It is uncommon to elute ionizable compounds with a mo
hase containing neither a salt nor a buffer. Although th
enerally not a recommended procedure, it can be don

t provides useful clues in the study of retention mechani
dsorption isotherms of ionizable compounds can be mea

n neat mobile phases as long as the properties of the mobi
he stationary phases are not drastically affected by chan
he concentration of the studied compound.
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Fig. 24. Adsorption isotherms of phenol on Kromasil-C18 using a methanol:water (A; 40/60, v/v) and an acetonitrile:water (B; 30/70, v/v) as the mobile phase.
Adsorption isotherms of caffeine on Discovery-C18 using a methanol:water (C; 30/70, v/v) and an acetonitrile:water (D; 20/80, v/v).T = 295 K. Note that the
curvature of the isotherm is reversed at high concentrations when acetonitrile is used as the organic modifier. Reproduced with permission from[113] (Figs. 1A, 3A,
11A, and 12A for Fig. 24A–D, respectively) ©2005, American Chemical Society.

For instance, propranololium chloride (propranolol is an
amino alcohol used as aβ-blocker) can be dissolved in an
aqueous methanol solution, at concentrations up to 40 g/L. Its
adsorption isotherm was measured by FA on Kromasil-C18
[122]. The isotherm obtained is S-shaped (convex downward
at low concentrations, upward at high concentrations). In con-
trast, the isotherm of propranolol is strictly convex upward on
the same stationary phase but with a mobile phase contain-
ing a buffer, as reported in the literature[123]. An isotherm
model of our group I (see Eq.(23)), the bi-Moreau isotherm,
was found best to account for the adsorption data and to pre-
dict overloaded band profiles in close agreement with the ex-
perimental ones. In other words, a monolayer of propranolol
is formed on the surface, with an adsorbate–adsorbate interac-
tion energy between two and three timesRT. These interac-
tions vanish when a 0.2 M acetate buffer is added to the mobile
phase and the best isotherm becomes the classical bi-Langmuir
model. Surprisingly, the saturation capacity of Kromasil-C18 is
nearly the same whether the mobile phase contains a buffer or
not.

This result contradicts other findings showing that the satu-
ration capacities of ionizable compounds are at least one order
of magnitude lower than those of neutral compounds[124]. The
contradiction stems from two different reasons. First, like most
chromatographers, McCalley draw his conclusions regarding the
column saturation capacity from plots of the apparent efficiency
of overloaded band profiles or of breakthrough curves versus
increasing concentrations of the solute. Second, the influence of
the surface heterogeneity of the adsorbent in the column, of the
existence of few high-energy adsorption sites on this surface,
and the contributions of this heterogeneity to the band profiles
is ignored.

This has led to contradictory results regarding the determina-
tion of the column saturation capacity of an ionizable compond
on RPLC columns[70]. When slightly overloaded band pro-
files are recorded, as it was done by McCaley[124], only the
high energy sites are filled while the low energy sites (type 1)
remain almost empty. The estimate of the saturation capacity
measured under these conditions is simply a fair estimate of the
saturation capacity of the high-energy sites. Using this method,
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McCalley found that the saturation capacity of nortrypytiline on
Discovery-C18 is of the order of one mg/g of adsorbent. Using
the FA method, we determined that the overall saturation capac-
ity of the same column, for the same chromatographic system is
of the order of 100 mg/g, hence one hundred times larger. Such
a large factor needed definitely some clarification. The results
derived from the FA method confirmed that the adsorption of
nortryptyline could only be modeled by a tri-langmuir adsorp-
tion isotherm model. The saturation capacity measured by the
former method corresponds to the sum of the saturation capaci-
ties of the second and third types of sites. The overall saturation
capacity measured by the latter method is the sum of the capac-
ities of the three types of sites.

As a consequence, the data obtained are actually a fair esti-
mate of the saturation capacity of the high-energy sites. Admit-
tedly, this is the important characteristic for analytical applica-
tions. However, linear chromatography provided no information
regarding the total saturation capacity of the adsorbent (i.e., the
sum of the saturation capacities of the high- and low-energy
sites) since the low-energy sites are not populated during the
series of measurements performed and the estimate obtained
for the total column saturation capacity is incorrect. The fact
that neutral and ionizable compounds lead to comparable values
of the total column saturation capacity is due to the adsorp-
tion of ions as neutral ion-pair. In the case of propranololium,
it was demonstrated that this cation does adsorb with his co-
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by adjusting the pH of the solution. Neue et al.[126] showed
that suitable manipulations of the pH can enhance the column
loadability by a factor up to 20. The difference was attributed
to the difference in the ionization states of the analyte. These
authors observed that the departure of the isotherm from linear
behavior was more important and began at lower concentrations
for the ionic than for the neutral species. Based on this result,
they concluded that the ionic form has a much lower saturation
capacity than the neutral one. However, they did not take into
account the surface heterogeneity and the presence of different
types of sites, particularly of high-energy sites with a very low
saturation capacity. These sites are responsible for the nonlinear
behavior of the isotherm at very low concentrations. The much
lower saturation capacity of high-energy sites for ionic species
is consistent with the total capacity of the column being about
constant. Unfortunately, for chromatography, the low saturation
capacity of the sites of highest energy sets the maximum sample
size that can be used.

The solubility of an ionic species being higher in aqueous
mobile phases than that of the corresponding neutral species, it
is less strongly retained and the pH can be used to control the re-
tention of compounds with an acidic and a basic form. To obtain

Fig. 25. Evolution of the retention factor of propranolol as a function of the
concentration of negative charges coming from the buffer anions on the Sym-
metry and XTerra columns,T = 295 K. Note the influence of the nature of the
buffer for a same concentration of negative charges and the non-dependence of
the retention factor on the pH of the mobile phase. Reproduced with permission
from [134] (Fig. 1).
on chloride[125]. The higher the concentration of chloride
he solution, the higher the retention of propranolol bec
he proportion of free, solvated and poorly retained free i
pecies decreases with increasing [Cl−]. Accordingly, the ab
ence of buffer or supporting salt decreases the hydrophob
he compound and some mobile phase adjustments are re
o achieve comparable retention times.

The adsorption isotherms of nortriptyline and amytripty
hloride (positively charged ions, used as antidepressors)
lso measured without buffer or supporting salts in the m
hase on a Discovery-C18 column[70,71]. They both exhibit th
ame characteristics as propranolol, e.g., adsorbate–ads
nteractions take place in the stationary phase and a tri-Mo

odel applies in all these cases. Again, the heterogeneity
olumn is obvious with most of the adsorption sites being
nergy sites (98%) and very few high-energy sites (2%) b
vailable.

From a more practical point of view, it is possible to p
ict the overloaded band behavior of ionizable compound
o buffer nor salt in the mobile phase in RPLC. As for n

ral compounds, their isotherm can be accurately measur
A (except at very low concentrations) and modeled with
f the usual isotherm models. Highly concentrated solution

onizable molecules can be prepared with the addition of o
hemicals in the mobile phase, which avoids the cumber
rocedures required to remove the excess salt or buffer.

.2. Adsorption isotherm and pH

Whether the acidic or the basic forms of an ionizable c
ound has to be analyzed, any one of these forms can be se
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comparable retention factors for the two forms, the content of
the organic modifier is usually 10–20% higher for the elution of
the neutral form than for that of the ionic form[124,127]. Typi-
cally, the ratio of the retention factors of the acidic and the basic
forms of a compound is of the order of 10[127]. When plotted
as a function of the pH, the retention factor of an acido-basic
compounds vary sharply around the pKa (i.e., between pKa ± 2

pH units). Outside this pH domain, the retention of ionizable
compounds is nearly independent of the pH and depends only
on the nature of the buffer used when the ionic form of the com-
pound forms an ion-pair with one of the buffer ions. This effect is
illustrated inFig. 25which shows the evolution of the retention
factor of propranolol (pKa � 9.2) as a function of the concen-
tration of different buffer systems. The pH range investigated

F
(
f

ig. 26. Evolution of the shape of the overloaded band profile of propranolo
methanol:water, 40/60, v/v) on the XTerra column. Flow rate, 1 mL/min;T = 295
ormation of a front shock and rear tailing at high salt concentrations. Reprodu
l as a function of the concentration of supporting salts (KCl) in the mobile phase
K. Note the progressive “langmuirization” of the isotherm suggested by the
ced with permission from[131] (Fig. 4A) ©2004, American Chemical Society.
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was between 2.5 and 6.5. Because the pKa of this compound is
much higher than the pH range investigated, no change should
be expected in the retention factor of the ion. Yet, the experi-
mental results show that the retention factor significantly varies
from one to another buffer (e.g., phthalate buffer compared to
other buffers) and that there is no correlation between the pH
and the retention factor. Instead, the nature of the buffer and the
hydrophobicity of its anion control the retention, based on the
formation of ion-pairs.

8.3. Adsorption isotherm and ionic strength

The adsorption isotherms that best model the behavior of an
ionizable compound in a chromatographic system with and with-
out a buffer in the mobile phase are fundamentally different. In
the former case, a multi-Moreau isotherm including adsorbate–
adsorbate interactions applies. In the latter case, a simple multi-
Langmuir isotherm with no lateral interactions describes well
the adsorption behavior of the ion. A progressive increase of the
ionic strength of the mobile phase affects the adsorption behav-
ior. Experimental results showed that there is a link between the
two extreme situations (i.e., the absence and the presence of elec-
trolytes in the mobile phase)[128–131]. As the concentration of
the supporting salt is increased, the adsorbate–adsorbate inter-
actions progressively vanish and the shape of the experimental
overloaded band profiles evolves accordingly (Fig. 26). The in-
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Fig. 27. Effect of the concentration of the counter-ion (NaCl) on the retention of
the overloaded band profiles of naphthalene sulfonate (Na+) and propranololium
(Cl−). Note that the retention of low concentrations are poorly affected while
the retention of high concentration are drastically increased. Reproduced with
permission from[132] (Fig. 4).

centrations. As shown inFig. 28, any buffer or supporting salts
with a valence I (e.g., buffer citrate I, pH 3.14 or supporting
salts NaCl, KCl and CaCl2) leads to triangle-shaped band pro-
files (i.e., a langmuirian profile) characteristic of convex upward
isotherms for the adsorption of a positively charged compound
(propranololium). When a two-times charged species is present
in the solution (citrate II, pH 4.77 or NaSO4) the shape of the
overloaded band profiles becomes characteristic of a S-shaped
isotherm, which mirrors the occurrence of adsorbate–adsorbate
interactions. With a trivalent buffer (citrate III), the shape of
the overloaded band profile becomes characteristic of an anti-
Langmuir isotherm, exhibiting a diffuse front and a rear shock.
The higher the valence, the stronger the interactions between the
adsorbate molecules.

The buffer molecules, which have more than one negative
charge, can possibly bond to more than one positively charged
ion. They create the conditions for the analyte to develop
adsorbate–adsorbate interactions, like two neutral compounds
would have in neat aqueous organic solutions (ex: butyl benzene
in methanol:water). This results in a convex downward curvature
for the adsorption isotherm for a certain range of concentrations.
erse method for isotherm determination was used to ex
he best numerical values of the parameters of the bi-Mo
sotherm model in the case of propranolol[128–131]. The re-
ults confirmed this trend. Increasing the salt concentration
o an increase of the equilibrium constant on the low-energy
nd to a decrease of the equilibrium constant on the high e
ites. An increase of the two saturation capacities with incre
onic strength is also observed.

As a general rule, an increase of the ionic strength o
olution leads to a shift of the elution band toward highe
ention times and to a significant broadening of the bandFig.
7). This is true for anions and for cations[132]. In both cases

his fact suggests the formation of neutral ion-pair comple
hich become more abundant at high salt concentrations
ording to the equilibrium constant between the ion-pair an
ree ion or common ion effect). Combining the effects of
onic strength and of the organic modifier concentration al
n easy adjustment of the retention of ionizable compound

.4. Adsorption isotherm and buffer valence

When the pH differs much from the pKa of the analyte
hanging it has little influence on the adsorption of ioniz
ompounds. The concentration of the buffer, however, af
arkedly the adsorption of ions. Yet, no systematic studies
emonstrated or even mentioned the role played by the va
f the buffer. The main reason for that is that most studies u
uffers are dealing with linear chromatography. Recent s

es [125,131,133,134]have clearly demonstrated that the
ence of the buffer (I, II or III) can fundamentally change
hape of overloaded band profiles recorded at high solute



F. Gritti, G. Guiochon / J. Chromatogr. A 1099 (2005) 1–42 39

Fig. 28. Effect of the valence of the counter anion forming ion pair complexes
with propranololium on the shape of the overloading profile and the nature of
the isotherm. Monovalent, bivalent and trivalent anions generate langmuirian
S-shaped and antilangmuirian isotherms, respectively. (A) Supporting salts, (B
buffers. Reproduced with permission from[131] (Fig. 6) and [125] (Fig. 6)
©2004, American Chemical Society.

As a conclusion, all buffers should be expected to have dif-
ferent effects on isotherms, retention, and band profiles, despit
the fact that they are used at the same or similar concentration
and at the same or close pH. The hydrophobicity of the co-ion
the extent of charge delocalization, and the valence of the buffe
ions involved affect the retention and the adsorption isotherm o
positively or negatively charged analytes, based on ion-pairing
formation in the liquid phase. Because ionizable compounds
also exist under the neutral ion-pair form, the saturation capac
ities found for ions are not drastically different from those of
neutral compounds. Saturation capacities usually increase wit
the concentration of co-ions and the loading capacity of RPLC
columns is of the same order of magnitude whether neutral o
ionizable compounds are injected.

9. Conclusion

The conclusions of most works dealing with retention
mechanisms in RPLC are based on the analysis of retentio

data acquired in linear chromatography. The interpretation of
these data cannot recognize that retention depends on several
independent contributions and neglects the nature and the
extent of the heterogeneity of the surface of modern RPLC
packing materials because linear chromatography cannot
distinguish any of the individual contributions to retention. The
combination of the acquisition of FA data in a wide range of
concentrations, the isotherm modeling of these data, and the
calculation of the AED of probe compounds demonstrates that
nonlinear data are far more informative. These data are as re-
producible as linear data and we have shown that the numerical
parameters of the isotherm models accounting best for the data
obtained with any compound are highly reproducible. Several
important conclusions can be drawn from these nonlinear
data.

The surface of modern RPLC adsorbents are not homoge-
neous but are covered with different types of adsorption sites.
The low-energy type of sites are the most abundant. They
are located at the interface between the mobile phase and the
layer of bonded C18-chains. Other types of sites seem located
inside the C18-bonded layer, more or less deep, which explains
a somewhat stronger retention. Depending on the difference
between their adsorption energy and that of the low-energy
sites (between +5 and +20 kJ/moL), these quasi-partitioning
sites involve interactions with the alkyl chains that are similar
to the interactions taking place in solution, but which do so
i ons
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n the electric field of the silica adsorbent, or interacti
ith the siloxane or silanol groups of the silica support.
bundance of these high-energy sites depends on the s

he analyte selected. The larger the size of this analyte
ost likely the chances to reveal new high-energy adsor

ites, in which the analyte fits snugly and is well embed
18-bonded phases could be seen as a sort of imprinted p
hich retains preferentially certain analytes that have spe
eometry to interact with the C18 chains macro-environmen
his model of RPLC silica packing materials are supporte

he observations made with phenol, caffeine, and a few
olecular probes on a large number of C18-bonded stationar
hases. It explains well why the retention of caffeine is less

hat of phenol while it has a larger molecular mass and a l
ydrophobicity. The paradox of their retention order is
lained when the heterogeneity of the C18-bonded layer and th
ifferent properties of the adsorption sites found are taken
ccount.

The retention mechanism in RPLC is based on the si
aneous adsorption and partition of the analyte on and in
he hydrophobic layer. This conclusion has already been
ested[17] but it could not be demonstrated for the lack
igh concentrations data. Because FA data can be measu

he linear range and up to concentrations close to the so
ty of the analytes, they permit the identification of the sev
ontributions to the retention of analytes. Their use dem
trates clearly the validity of these early suggestions. In
ition, FA permits a direct quantitation of the relative ab
ance, of the adsorption energy, and of the adsorption
tants of each type of sites, and of the range of concentra
ithin which each of these types fills up. The presence of h
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energy sites that are filled at very low concentrations is a serious
source of troubles because they strongly affect retention times
at low concentrations and prevent from acquiring reproducible
retention data for an analyte since, even at very low concen-
trations, its retention time may depend strongly on the sample
concentration[72].

The adsorption mechanism on RPLC packing materials de-
pends strongly on the polarity of the analyte. In contrast with
conventional wisdom, most adsorption isotherms in RPLC
are not accounted for by a Langmuir model. Many are not
even convex upward isotherms as they seem to be in nor-
mal phase HPLC. The data bank presented in this review sug-
gests, on a statistical basis that polar compounds tend to have
convex upward isotherms while convex downward isotherms
were systematically observed for apolar or low-polarity com-
pounds. Adsorbate–adsorbate interactions are the main reason
for this anti-langmuirian behavior. A large variety of adsorption
isotherms were observed that have a behavior intermediate be-
tween these two extremes (i.e., S-shaped isotherms), depending
on the mobile phase concentration at which adsorbate–adsorbate
interactions become significant.

Although the same model best accounts for data obtained with
a given compound on a wide variety of stationary phases, under
many different sets of experimental conditions,2 the numerical
values of the coefficients of these adsorption isotherm are very
sensitive to these conditions. Saturation capacities, equilibrium
c tem
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of investigations of the influence of all the parameters of the
manufacturing process of RPLC packing materials on their
performance.
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